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ABSTRACT 
 
Foodborne disease outbreaks linked to enteric pathogens on cantaloupe and 
watermelon over the past few years has raised concern in the melon industry. As a 
result, new formulations of antimicrobial treatments have been developed, creating 
more choices for melon producers to utilize in attempts to improve microbial safety of 
their product. Previous research has indicated that the use of these strong post-harvest 
sanitizers may have detrimental quality effects on produce. The overall objective of this 
research was to evaluate the broad spectrum antimicrobial activity of commercially 
available produce sanitizers marketed towards the melon industry.  
Sanitizers selected represented various chemical categories of sodium 
hypochlorite (chlorine), hydrogen peroxide, liquid chlorine dioxide, organic acids, 
quaternary ammonium, and hydrogen peroxide/acid combinations. Bacterial reduction 
of E. coli O157:H7, non-O157 STEC, Listeria monocytogenes, and Salmonella spp. 
following in- cell suspension treatment (5 minutes, 4°C) with the ten different 
commercial sanitizers was evaluated at varying concentrations. Subsequently, selected 
sanitizers and concentrations were evaluated for their effectiveness in reducing the 
pathogen populations on the surface of artificially inoculated whole cantaloupe and 
watermelon rinds at representative packing house conditions of 24°C for 2 minute 
application times. Sanitizers displaying the greatest antimicrobial activity against 
pathogens and on both melon types were selected for evaluation of antifungal (yeast, 
mold) activities as well as quality effects over the shelf life of whole cantaloupe and 
xiv 
 
 
 
watermelon following similar treatment conditions. Additional work using UV 
spectrometry and viable pathogen reduction was completed to investigate the 
antibacterial mechanism of action these produce sanitizers may utilize.   
Results of the cell suspension study revealed ability of all tested sanitizers to 
reduce pathogens by 0.6-9.6 log CFU/ml. One organic acid (citric/lactic acid 
combination) treatment resulted in minimal reduction (3 log or less) of all pathogens 
and was eliminated for further analysis. The application of sanitizers on melon rinds 
resulted in significant differences in pathogen reduction observed between sanitizers, 
but not between melon types. The most effective sanitizers against pathogens on melon 
surfaces were quaternary ammonium and hydrogen peroxide/acid combinations with 
1.0-2.2 log CFU/gm and 1.3-3.5 log CFU/gm reductions, respectively, for all pathogens 
tested. The other tested sanitizers were less consistent with microbial kill, with 
reductions ranging from 0-3 log CFU/gm depending on pathogen and sanitizer. Results 
of the quality analysis following treatment with quaternary ammonium and hydrogen 
peroxide/acid combinations indicated no reduction of natural yeast and mold 
contaminants, and no changes in firmness or color of melon rinds (P>0.05). Minimum 
bacterial concentration (MBC) of sanitizers against E. coli O157:H7 and L. innocua were 
determined, and varied by active ingredient. Mechanism of action analysis indicated 
that cell viability of E. coli O157:H7, non-O157 STEC, L. innocua, and Salmonella spp. 
decreased with time following treatment with all chemical sanitizers, with the exception 
of sodium hypochlorite. An increase in cellular leakage of A260 material was found to 
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result in cells treated with quaternary ammonium, but not with any other tested 
sanitizer.  
Based on the results of the present work it can be concluded that 1) the use of 
broad spectrum produce sanitizers at recommended concentrations and treatment 
applications on the rind surfaces of whole melons has the potential to reduce bacterial 
foodborne pathogens of concern in the melon industry, 2) the use of commercial 
produce sanitizers may not reduce the presence of natural fungal contaminants on 
melon rinds but will not negatively affect the sensory quality of melons, and 3) death of 
bacterial cells exposed to quaternary ammonium products involves damage to 
cytoplasmic membrane but the mechanism of action utilized by additional tested 
produce sanitizers may involve more complex cellular interactions in addition to 
membrane damage. Overall, results of this research will be utilized to provide guidance 
to the melon industry on best produce sanitizers for a broad spectrum pathogen 
intervention strategy. 
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CHAPTER 1: INTRODUCTION 
 
Fresh produce consumption has been steadily increasing in the last 20 years; 
globally, an average of 4.5% increase yearly from 1990-2004 (Olaimat and Holley, 2012). 
At the same time, an increase in foodborne illness outbreaks have also been reported; 
produce-related outbreaks per year doubled between the years of 1973-1987, and again 
between the years of 1988-1992 (Buck et al., 2003). The U. S. Food and Drug 
Administration (FDA) reported 131 foodborne illness outbreaks associated with produce 
contaminated with biological hazards which resulted in more than 14,000 illnesses 
between the years of 1996-2010 (FDA, 2013b). These outbreaks associated with 
produce and nut consumption account for approximately 46% of all foodborne illness 
outbreaks occurring yearly (Painter et al., 2013).  
Cantaloupe have been associated with several large foodborne illness outbreaks 
in recent years, drawing much attention to the melon industry. These products have 
been the source or vehicle of transmission in outbreaks involving Salmonella, E. coli, and 
Listeria spp. (Ukuku et al., 2001; CDC 2012, 2013). In 2011, the largest single vehicle 
foodborne outbreak in the U.S. was linked to Listeria monocytogenes on cantaloupe, 
resulting in 146 illnesses and 30 deaths across 28 states (CDC, 2012). In 2012, another 
multistate outbreak occurred as a result of Salmonella on cantaloupe, and was later 
traced to watermelon grown by the same farm (CDC, 2013). The number of foodborne 
illness outbreaks attributed to melon products has raised concern from regulatory 
agencies (FDA), and resulted in mandatory requirements for melon producers in relation 
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to standards of producing, harvesting, and marketing their product through the Food 
Safety Modernization Act (FSMA) (FDA, 2013a; 2013b). 
These standards address the importance of sanitation during processing of 
melons. One option for processors to improve the biological safety of melons is through 
the application of a water wash, or an intervention such as an antimicrobial applied 
through wash water to reduce the presence of foodborne pathogens. Currently, the 
most common intervention treatment utilized in the fresh produce industry is the use of 
chlorinated wash water at 100-200 parts per million (ppm) (Oklahoma State University, 
2014).  
However, several concerns over use of this product exist. These include reduced 
efficacy against foodborne pathogens when applied to produce containing heavy soil 
loads, influences of pH, temperature, and product surface types on efficacy, damage to 
processing equipment due to corrosion, and the need to treat prior to release into the 
environment as waste (ISU PM 1974D, 2013). 
Multiple commercial sanitizers have been developed to meet the needs of 
produce growers, including hydrogen peroxide, chlorine dioxide, acids, and combination 
treatments intended for use as a spray or dip treatment for produce products. 
Producers are reluctant to adopt the use of these alternative sanitizers in their practices 
for several reasons such as negative effects on quality, increased costs, and 
ineffectiveness. The use of some active ingredients in these sanitizers (hydrogen 
peroxide, chlorine dioxide) has been reported to have negative sensory quality effects 
on sensitive produce products when used at high concentrations (Fan et al., 2009, Guan 
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et al., 2010; Alexandre et al., 2012a; 2012b). The application of these treatments also 
adds a higher processing cost for the industry, in comparison to a chlorine water 
treatment (ISU PM 1974D, 2013; Joshi et al., 2013; SafeOx, 2015). Optimization of these 
sanitizers for the melon industry considering bacterial pathogens of concern as well as 
multiple melon types will benefit the use of this product by identifying the best 
concentration for a broad industry application to control food safety risks.  
Additionally, quality and shelf life of melons is of great importance in the fresh 
produce industry, as reduction of quality will result in loss of profit due to loss in food 
waste (Doganis, 2006). Attributes such as flavor, juiciness, texture, and color contribute 
to a consumer’s desire to purchase the fruit (Pardo et al., 1997; Ukuku and Fett, 2002; 
Fonesca and Rushing, 2006), and will play a role in a producer’s ability to make a profit. 
Shelf-life of whole cantaloupe and watermelon is generally 14-21 days when stored at 
optimal conditions (UC Davis, 2013), but is greatly reduced to 7-12 days after transit and 
sale through the market. Richards and Beuchat (2005a; b) identify fungal contaminants 
(yeast, mold) as the main cause of post-harvest quality loss leading to this short shelf life 
in whole melons. The application of alternative sanitizers during melon processing may 
reduce the presence of fungal contaminants, therefore increasing quality and shelf life.  
Antimicrobial treatments can be affected by several environmental conditions as 
well as plant variations and bacterial types and states. The mechanisms of action that 
many antimicrobials utilize for cellular destruction have been characterized (Fitzgerald 
et al., 1992, Maris, 1995; Marriott, 1999, Pearce et al., 1999, Maillard, 2002). However, 
many commercial sanitizers have combined antimicrobial agents to improve overall 
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efficacy using the hurdle technology concept (Leistner, 2000). The antimicrobial 
mechanism of action these sanitizers utilize is not as well understood. It is unclear if 
known mechanisms of destruction are utilized, or if multiple interactions are occurring 
to result in bacterial death. A better understanding of the mechanism these commercial 
sanitizers utilize will assist in the optimization of application concentrations, methods, 
and parameters for the produce industry, and may provide insight to the potential for 
use in additional food products.   
Therefore, three main objectives were set for this dissertation. The first objective 
consisted of two main sub-objectives: 1) evaluate the effectiveness of a broad spectrum 
of commercially available chemical produce sanitizers against foodborne pathogens; E. 
coli O157:H7, non-O157 STEC, Listeria monocytogenes, and Salmonella spp. using 
various concentrations and determine the optimal concentrations for use against 
bacterial cells in an aqueous model system; and 2) evaluate the effectiveness of the 
produce sanitizers against the same bacterial strains on the surface of rough 
(cantaloupe) and smooth (watermelon) surface melons. The second objective was to 
evaluate the ability of commercially available produce sanitizers to improve cantaloupe 
and watermelon shelf life through yeast and mold reductions without negatively 
affecting the sensory quality of whole melons. The third objective consisted of two sub-
objectives: 1) identify the minimum bactericidal concentrations (MBC) of commercially 
available produce sanitizers for foodborne pathogens; E. coli O157:H7 and Listeria 
innocua; and 2) determine if cytoplasmic membrane damage resulting in cellular 
leakage was linked to the bactericidal effect of the commercial sanitizers against the 
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foodborne pathogens; E. coli O157:H7, non-O157 STEC, Listeria innocua, and Salmonella 
spp.  
Results of this work will provide research-based evidence as to the effectiveness 
of commercial produce sanitizers to improve the food safety and shelf life of whole 
melon products. This will allow food safety and production specialists to provide melon 
producers recommendations on how to best apply intervention treatments to improve 
microbial safety while maintaining the quality of their product.  
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CHAPTER 2: LITERATURE REVIEW 
 
United States Fresh Fruit and Vegetable Industry 
Fresh produce production and consumption has seen dramatic increase 
worldwide over the last 20 years. This increase in fresh produce consumption can be 
attributed to an overall better understanding of the importance of a healthy diet by 
consumers, centralized large scale production that supplies consistent quality at a 
higher demand and a cheaper price, more efficient production and distribution that 
allows for year-round availability, and the convenience of pre-prepared products in the 
market (Wariner et al., 2009; Olaimat and Holley, 2012). Worldwide production of fruit 
and vegetables grew by 94% from 1982-2004, and consumption of these products has 
grown by an average of 4.5% yearly from 1990-2004. The United States (U. S.) is the top 
exporter of fresh fruits and vegetables with exports totaling close to $4 billion, and is 
the second in fresh fruits and vegetable imports at $7 billion (EU Commission, 2007). In 
fact, the U. S. vegetable import market increased by over 250% while fresh fruit imports 
increased by 155% during the years 1980 to 2001 (Johnston et al., 2006). 
With this increase in sales and consumption has come an increase in outbreaks 
of foodborne illness associated with fresh produce products. Many contributing factors 
may play a role in this increase in outbreaks including; an overall increase in 
consumption worldwide (on average, 4.5% increase in consumption annually; 1990-
2004 (EU Commission, 2007)), increased livestock confinement production near areas of 
produce production increasing chances of irrigation water contamination, and greater 
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availability worldwide with product coming from countries with lower sanitary practices. 
The U. S. imported 12,000 tons of fruit and 9,000 tons of vegetables in 2013, largely 
from Mexico, China, and South American countries (USDA ERS, 2014). Additional risk 
factors include widespread distribution of commodities leading to contamination 
affecting larger populations and changes in processing techniques that open products to 
new routes of contamination. Leafy greens consumption has increased from 10.6 to 11 
pounds per capita from 2005-2009, attributed to increasing popularity of prepackaged 
salads (USDA ERS, 2012b). An increase in the number of immunocompromised 
individuals, the presence of newly emerging pathogens with increasing virulence, and an 
overall improvement in epidemiological trace-back may also contribute to increased 
number of reported outbreaks (Beuchat, 2002; Doyle and Erickson, 2008; Wariner et al., 
2009; Olaimat and Holley, 2012). As most fresh produce products are minimally 
processed and are often eaten raw, contamination with human pathogens presents risks 
of outbreaks. Additionally, further processing the product through peeling or slicing can 
cause tissue damage, releasing nutrients to support the growth of bacterial 
contaminants (Harris et al., 2003; Olaimat and Holley, 2012).   
As the fresh produce market continues to grow into a globalized market, food 
safety risks and potential for widespread outbreaks become more of a concern. Top 
import countries for fresh fruits and vegetables into the U. S. include Mexico, Canada, 
China, and South America countries (USDA ERS, 2014). Several foodborne bacterial and 
viral associated outbreaks have been linked to consumption of produce imported from 
Mexico, the U.S. top import source (CDC, 1997; 2002; 2014a). One survey study found 
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that while domestic and imported produce did not statistically differ in microbiological 
quality, the presence of antibiotic resistant pathogens was higher on imported produce 
(Johnston et al., 2006). With this increase in imports of fresh produce comes the need to 
address concerns over decontamination of imported product to ensure a safe food 
supply.   
On the opposite end of the spectrum, the U. S. has seen a substantial growth in 
the “local food” movement. This movement to consume food from local farmers has 
been driven by the increased desire of Americans to buy fresher product, support their 
local economy, and to know where their food comes from (Utah State University, 2012). 
Though this movement is small compared to global produce production, local sales of 
produce and other foods have increased from 0.15% to 0.21% of total home purchases 
in America between the years of 1997 to 2007, reaching a total of $399 million in sales 
(Martinez, 2010). Farmer’s markets, over 8,000 in 2013, community supported 
agriculture programs (CSA; with over 12,000 farms involved in contracts in 2007), and 
farm-to-school programs (9,000 in 2009) are all means by which the local food 
movement is increasing in popularity nationwide (USDA, 2007; Martinez, 2010; USDA, 
2013).  
As these local production markets continue to increase in number, a concern 
over the safety of the products has risen. Many of the local producers are exempt from 
federal food safety regulations due to their small size. Often, a lack of training or 
awareness about food safety risks exists. Farmers markets are particularly prone to food 
safety hazards, as they are held outdoors during the warmer months of the year and 
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often lack electricity for temperature control and available potable water to maintain 
cleanliness. Few outbreaks have occurred linked to farmers markets due to the difficulty 
of recognizing and reporting smaller outbreaks (Beecher, 2013), but with increasing 
complexity of the products sold at these markets, recognition of food safety risks are 
increasing (Hofmann et al., 2007). Research has indicated that raw poultry products sold 
at these farmers markets may be more likely to carry pathogens than comparative 
products found at grocery stores (Scheinberg et al., 2013).  
 It has been estimated that 48 million people are affected by foodborne illness 
yearly in the U. S., resulting in 128,000 hospitalizations and 3,000 deaths (Scallan et al., 
2011). Produce is believed to be responsible for 23% of all foodborne illnesses in the U. 
S. and is the second most linked food category to illness outbreaks (behind seafood) but 
is linked to the most number of illnesses associated with a single outbreak (CSPI, 2012; 
CDC 2012a). Between 1996 and 2010, produce accounted for 23% of all outbreaks and 
42% of all illnesses related to foodborne outbreaks reported to FDA. In this time-span, 
131 produce-related outbreaks occurred, resulting in 14,000 illnesses, 1,360 
hospitalizations, and 27 deaths. These outbreaks were linked to both domestic and 
imported produce products (FDA, 2013b; CDC 2012a).  
Fresh produce generally has dominant microflora of spoilage bacteria, yeasts, 
and molds, but it can become contaminated with pathogens (bacterial, viral or parasitic) 
throughout the growing to consumption process. Typical contamination can occur 
during production (field or greenhouse), harvest, processing, wholesale storage, 
distribution, retail, and preparation (food service or in home). Contamination may result 
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from the environment (soil, water, air, harvesting/processing equipment), animal (wild 
or domestic), or human handlers (WHO, 2014). Pathogens of greatest concern in 
produce include viruses (hepatitis A and norovirus), parasites (Cryptosporidium), and 
bacteria including Bacillus cereus, Clostridium spp., E. coli, Listeria monocytogenes, 
Salmonella spp., Yersinia enterocolitica, Shigella spp., and Campylobacter spp. (Beuchat 
2002; Olaimat and Holley, 2012). It is important to note that Salmonella spp. and E. coli 
O157:H7 are consistently associated with produce outbreaks, and that Listeria 
monocytogenes has been implicated in fewer but large produce outbreaks (CSPI, 2012; 
Olaimat and Holley, 2012). Produce outbreaks associated with these pathogens will be 
discussed in further detail.  
 
Outbreaks Related to Produce 
 A large number of both sporadic and multistate-wide outbreaks associated with 
a variety of fresh produce products have been reported. The pathogens most commonly 
linked to fresh produce outbreaks and the vehicles of transmission are discussed below.  
 
Escherichia coli  
Produce is a prominent vehicle for E. coli transmission, accounting for approximately 
20% of all produce outbreaks (Rangel et al., 2005). While fewer E. coli outbreaks occur 
with produce than from meat products such as beef, the number of cases in an outbreak 
tend to be much higher. A large outbreak resulting from sliced watermelon cross 
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contaminated with E. coli O157:H7 originating from a beef product in a restaurant buffet 
led to over 730 illnesses, 23 hospitalizations, and 1 death (CDC, 2012a).  
Shiga-toxin producing E. coli (STEC), including O157 and non-O157 strains have 
been implicated in several foodborne outbreaks linked to the consumption of fresh 
produce. Ruminant animals such as cattle are natural reservoirs for this pathogen, which 
is associated with produce contamination when the animal is raised close to production 
fields and run-off leads to contamination of produce. E. coli outbreaks have been linked 
to apple cider, lettuce, spinach, cabbage, celery, sprouts, carrots, and strawberries 
(Beuchat, 2002; Olaimat and Holley, 2012).  
Additional E. coli outbreaks have been reported from lettuce and salad greens 
(Strain- number of cases or outbreaks; O145- 26 cases and 12 hospitalizations, O157- 60 
cases and 30 hospitalizations, O157- 33 cases and 13 hospitalizations), sprouts (O26- 29 
cases and seven hospitalizations, O121- 19 cases and seven hospitalizations), berries 
(O157- 15 cases and two deaths, O26- five cases and one hospitalization), and melons 
(O157- nine and six cases in two outbreaks) (CDC, 2012a; CDC, 2014a; Danyluk et al., 
2014).  
 
Listeria monocytogenes 
Produce has also been associated with listeriosis on several occasions in U. S. 
history. Consumption of Listeria-contaminated celery resulted in 10 illnesses and five 
deaths in Texas, 2010 (CDC 2012a). Sprouts have also been a vehicle of Listeria 
transmission in several cases, one in 2008 in which 20 individuals became ill, and 
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another in 2012 that resulted in six illnesses and one death (CDC, 2012a). Listeria was 
identified as the only microorganism (compared to Salmonella and E. coli) to be capable 
of growth on the surface of cantaloupe (Behrising et al., 2002), which was the vehicle of 
one large outbreak in 2011. This outbreak spread across 28 U. S. states, resulting in 147 
illnesses and 33 deaths, several of which were associated with pregnancy and/or 
newborns (CDC, 2012b). 
Listeria monocytogenes is naturally found in the environment (such as soil), 
making it an easy transfer onto growing produce, especially root crops. This human 
pathogen is unique in that it can grow at refrigeration temperatures which makes it 
environmentally persistent in the production fields and processing environments 
(Kathariou, 2002). Listeria monocytogenes has been linked to outbreaks associated with 
the consumption of celery, sprouts, cabbage, cucumber, lettuce, tomato, and 
cantaloupe (Beuchat, 2002; Olaimat and Holley, 2012; CDC, 2012b).  
 
Salmonella  
 The genus Salmonella contains over 2,700 serovars, 200 of which are known 
human pathogens. The most common serovars associated with outbreaks include 
Typhimurium and Enteritidis, which are naturally occurring in the intestinal tract of wild 
animals, poultry, and pigs. This leads to the opportunity for bacterial contamination of 
produce via contact with both wild and production animals. However, less common 
serovars are more often associated with produce outbreaks, indicating that these 
serovars may also be naturally occurring in the soil or other production sites (Warriner, 
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2009). Salmonella spp. have been implicated in outbreaks linked to produce; sprouts, 
tomatoes, cantaloupe, spinach, peppers, papaya, beets, cabbage, cauliflower, onion, 
and lettuce (Beuchat, 2002; Olaimat and Holley, 2012, CDC, 2013b). 
In addition to animal products, nuts and produce have also been often 
implicated as vehicles for transmission of Salmonella. In particular, peanuts have often 
been associated with salmonellosis. Outbreaks with this product include one in 2006 
when 715 became ill and 129 were hospitalized, in 2008 were 714 illnesses, 166 
hospitalizations, and nine deaths, and also in 2012 when 42 became ill and ten were 
hospitalized (CDC, 2012a). Consumption of peanut butter by a young age group may 
have attributed to the severity of these outbreaks (Jay et al., 2005). Related to produce, 
one large outbreak in 2008 linked to pepper and tomatoes resulted in 1,500 illnesses, 
308 hospitalizations, and two deaths (CDC, 2011). Additional produce outbreaks have 
been linked to avocado (2007; 46 illnesses), blueberries (2009; 14 illnesses, 2010; six 
illnesses and one hospitalization), salads (multiple outbreaks and hospitalizations), 
cantaloupe (18 outbreaks resulting in multiple deaths), sprouts (1999; 112 illnesses, two 
hospitalizations), cucumber (2012; 49 illnesses, 14 hospitalizations), tomatoes (2004; 
429 illnesses and 129 hospitalizations, 1998; 86 illnesses and three deaths), and 
watermelon (2008; 594 illnesses, 31 hospitalizations, and 2010; 17 illnesses, 11 
hospitalizations) (CDC, 2012a). 
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Others 
 Produce related outbreaks have also been linked to other bacterial pathogens; 
Shigella (carrots, lettuce, parsley, tomatoes, lemons, strawberries, and melons), Bacillus 
spp. (onion, sprouts, and potatoes), Campylobacter (pepper, lettuce, peas, watermelon, 
tomato, and spinach), Clostridium spp. (cabbage, mushrooms, onions, lettuce, and 
peppers), and Staphylococcus aureus (peppers, potato, salad greens). Additionally, 
outbreaks have occurred as a result of parasites; Cryptosporidium (apple cider and salad 
greens), Cyclospora (berries, green beans, arugula, and peas), and Giardia (unspecified 
vegetables) as well as viruses; Hepatitis A (strawberries, green onions, tomato, and salad 
greens), Norovirus (melons, strawberries, salad greens, tomato, green beans, grapes, 
broccoli, cucumber, asparagus, and onion), and Norwalk (melons, salad greens, and 
celery) (Beuchat, 2002; Olaimat and Holley, 2012; CDC, 2012a; CDC, 2013a). 
 
Pathogen Overviews 
A number of human pathogens are known, ranging in nature of viral, bacterial 
and parasitic. Our work focuses on bacterial pathogens resulting in human enteric 
disease. An overview to the characteristics and disease caused by these pathogens of 
concern is provided below.  
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Escherichia coli 
Pathogen Characteristics 
Shiga toxin-producing Escherichia coli (STEC) are Gram-negative, non-spore 
forming, motile or non-motile rod-shaped bacteria belonging to the Enterobacteriaceae 
family.  They are mesophillic facultative anaerobes that grow best at pH 6-7.5, but can 
be acid tolerant, growing in pH as low as 3 (Jay et al., 2005). STEC are heat sensitive, 
easily killed during cooking at proper temperatures (Internal temperature of 160 °F/71.1 
°C; USDA FSIS, 2013).  
Individual strains of pathogenic E. coli can be identified and classified based on 
both serotype and strain. Identification of E. coli is based on the O and H antigens 
present in the bacterium. O-antigens are found on the surface of the lipopolysaccharide 
layer of the outer membrane in E. coli. There are 174 known O-antigens in the E. coli 
classification system. H-antigens are found in the flagella of bacteria. Currently, fifty-
three H-antigens are used to serotype E. coli strains. E. coli strains are then classified 
using a combination of O and H antigens (ex. E. coli O157:H7). Serotypes of pathogenic 
E. coli can be categorized into groups, based on characteristics, such as virulence. The 
group of most concern is enterohemorrhagic E. coli (EHEC), which are capable of causing 
diarrheagenic disease in humans. EHEC are recognized by their ability to attach to 
intestinal cells and cause diarrhea in humans. Shiga toxin-producing E. coli (STEC) are a 
subset of pathogens within this group that are recognized by their ability to produce 
Shiga-like toxins. The Shiga toxin genes are very similar to the toxin produced by 
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Shigella, and are believed to have been horizontally transferred to E. coli via 
bacteriophage (Warriner et al., 2009).  
As many as 400 STEC are known to exist but not all have been identified as 
causing human illness and not all cause human disease in the same severity (Johnson et 
al., 1996; Gyles, 2006; Liu, 2010). The STEC strain most commonly associated with 
severe forms of disease is E. coli O157:H7, but it is not the only STEC known to cause 
disease. In fact, at least 60 strains of STEC have been linked to human illness worldwide 
(Bettelheim, 2003), and a U. S. study completed by the CDC between 1983 and 2003 
demonstrated as many as 14 different serogroups were implicated in human disease 
resulting from E. coli infection, in addition to illnesses that resulted in undetermined 
serotypes (Brooks et al., 2005). However, the same study demonstrated that 
approximately 70% of the infections caused by non-O157 STEC infections, that could be 
serotyped, were attributed to only 6 serotypes: O145, O121, O111, O103, O45, and O26, 
which have been identified by the CDC and USDA-FSIS as the “Big 6” non-O157 STEC 
(USDA-FSIS 2011). Non-O157 STEC are of major concern in many areas of the world. 
Some European countries report that over one half of confirmed STEC infections are 
caused by non-O157 STEC (Arthur et al., 2002; Brooks et al., 2005; Monaghan et al., 
2011). It has been estimated that E. coli O157:H7 strains cause two-thirds of all E. coli 
human infection cases in the U. S., while non-O157 strains are responsible for the 
remaining cases (Mead et al., 1999).  
When compared to E. coli O157:H7 and other enteric pathogens, non-O157 STEC 
are infrequently isolated and implicated in foodborne illness outbreaks. It is believed 
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that this group of pathogens is largely under-accounted for, presumably due to 
ineffective laboratory screening and culturing methods (Possé et al., 2008). As indicated, 
non-O157 STEC are not newly emerging pathogens. They have been implicated in 
clinical cases of human disease and have been of increasing public health concern since 
the early 1990’s (USDA-FSIS, 2010). 
Reservoirs 
E. coli exists as a commensal organism in the gastrointestinal tract of animals, as 
well as humans. Many strains of E. coli are harmless to both humans and animals, but a 
subset (STEC, as discussed previously) is capable of causing serious illness in humans. 
While Shiga toxin can be pathogenic to humans, it has no negative effects on ruminant 
carriers of the pathogen, due to the lack of vascular receptors for the toxin (Pruimboom-
Brees, 2000). Therefore, ruminants, and cattle in particular, are major reservoirs of 
STEC. Surveys have demonstrated that cattle may harbor more than 100 STEC serotypes, 
60% of which have been associated with HC and HUS in humans (Cleary, 1992; Johnson 
et al., 1996). Studies indicate that STEC are shed in loads varying from 2 to 5 log10 
CFU/gram of fecal matter, depending on the season (Zhao et al., 1995; Shere et al., 
1998).  
Other ruminant species associated with pathogenic STEC include sheep, goats, 
and wild animals, such as deer and water buffalo. STEC also have been isolated from 
non-ruminants such as horses, dogs, rabbits, pigs, and wild birds. However, it is likely 
that these animals are vectors for the pathogen, rather than reservoirs (Caprioli et al., 
2005). Other vehicles of transmission for STEC include contaminated water, direct 
21 
 
 
 
contact with infected humans or animals, and contaminated food products. E. coli do 
not survive well in soil (1-3 days), making this a poor vehicle of contamination (Winfield 
and Groisman, 2003). 
Disease Caused by E. coli 
Once consumed, E. coli has a 24-48 hour incubation before symptoms are seen, 
and can result from ingestion of as few as 10-100 cells of bacteria (Warriner et al., 
2009). Symptoms of STEC infection include watery diarrhea, severe stomach cramping, 
and dehydration. In some instances, the disease can progress to hemorrhagic colitis 
(HC), or bloody stools. HC is caused by the destruction of the red blood cells in the 
intestine, resulting from infection of E. coli and release of the Shiga toxin into the host’s 
system (Liu, 2010). Up to 22% of HC patients develop hemolytic uremic syndrome (HUS) 
resulting from E. coli infection (Frank et al., 2011). HUS symptoms include exaggerated 
HC symptoms in addition to vomiting, fever, weakness, decreased urine output, and 
kidney failure. In rare cases, neurological damage may occur (Su and Brandt, 1995). The 
mortality rate of HUS is 2-10% (Johnson et al., 1996). Death occurs as a result of renal 
failure, severe hypertension, myocarditis, or neurological disease. There are no specific 
treatments for HUS and individuals contracting the disease often require prolonged 
clinical treatment, resulting in significant healthcare costs over time. Ten percent (10%) 
of HUS survivors suffer chronic renal failure, while 40% suffer renal insufficiency 
(Johnson et al., 1996). Individuals most susceptible to STEC infection include young 
children, the elderly, and those with weakened immune systems (Liu, 2010).  
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Outbreaks with Non-Produce 
E. coli O157:H7 is the strain most often associated with foodborne illness, though 
outbreaks reported from additional STEC strains are increasing in occurrence 
presumably due to improvements in laboratory screening and culturing methods (Possé 
et al, 2008). A total of 350 outbreaks of E. coli O157 infection resulting in 8,598 cases of 
illness were reported from 1982-2002 (Rangel et al., 2005). Due to the natural 
association with ruminant animals, outbreaks of E. coli infection most often 
(approximately 40% of reported outbreaks) result from consumption of ground beef 
(CDC, 2012a; Rangel et al., 2005). The largest E. coli O157 outbreak from ground beef in 
the U. S. occurred in 1993, resulting from hamburgers at a fast food restaurant (Tuttle et 
al., 1999). This outbreak lead to over 700 illnesses and the death of four children, and 
changes to food codes in cooking temperature guidelines for ground beef as well as the 
declaration of E. coli O157:H7 as an adulterant in non-intact beef under the Federal 
meat Inspection Act (FMIA) in 1996 (FDA, 1993; FSIS, 1999).  
In addition to meat products, raw (unpasteurized) dairy products have been 
responsible for several cases of E. coli illness. The first non-O157 E. coli outbreak 
reported in the U. S. occurred in Montana in 1994 in which 11 cases of HC were 
reported as a result of E. coli O104:H21 contamination associated with a dairy product 
(Johnson et al., 1996). Additional outbreaks have been the result of contamination from 
O111 and O157 (several hospitalizations and no deaths) (CDC, 2012a). 
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Vectors Associated with E. coli Outbreaks 
 
Figure 1. Percentage of E. coli illnesses attributed to food commodities in the U. S., 
1998-2008. Adapted from Painter et al., 2013. 
 
Listeria monocytogenes 
Pathogen Characteristics 
Listeria monocytogenes is a human pathogen belonging to the bacterial species 
Listeria. It is a Gram-positive, non-spore forming, motile rod that affects monocytes, 
giving rise to its name as well as unique invasion and survivability characteristics (Jay et 
al., 2005; Farber and Peterkin, 1991). It is a facultative anaerobe that prefers mesophillic 
growth conditions but is capable of growing in the range of -0.4-45°C, prefers pH range 
of 6-8 but can grow at pH as low as 4.1 or high as 9.6, and can grow at water activity 
values as low as 0.90 (Farber and Peterkin, 1991; Jay et al., 2005). However ambitious it 
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may be in growth, it is heat liable as pasteurization temperatures effectively destroy the 
cells regardless of their infection state (freely suspended or intracellular).  
Individual strains of Listeria are classified based on serotype, identified by 
number (1/2, 3, 4, 5, 6, and 7) and letter (a, b, c, d, and e), with Listeria monocytogenes 
serovars 1/2a, 1/2b, and 4b being identified as those most commonly responsible for 
human illness (Farber and Peterkin, 1991). As a small subset of serotypes are identified 
in human illness, identification based on serotyping is of little use in outbreak 
investigations. Instead, phage typing (Loessner and Busse, 1990), isoenzyme typing 
(Piffaretti et al., 1989; Bibb et al., 1989), DNA fingerprinting (Wesley and Ashton, 1991; 
Knabel et al., 2012; Sharma and Mutharasan, 2013), or a combination of such are 
commonly used in epidemiological investigations. Phage tying is not possible for all 
known serotype strains (Loessner and Busse, 1990), limiting its use in outbreak 
investigations, while isoenzyme typing has identified similar genotypes for all strains 
causing major listeriosis outbreaks (Piffaretti et al., 1989) and DNA fingerprinting is 
often too discriminate to provide results linking the source and ill patients (Farber and 
Peterkin, 1991). However, when utilized in combination, these methods are beneficial in 
outbreak investigations.  
Reservoirs 
Listeria monocytogenes is widely found in the environment; present in soil, 
vegetative material, fecal and water samples. Diverse sampling has found its presence in 
stream water, mud, sewage, slaughterhouse waste, human and animal feces, and 
animal feed sources such as silage world-wide (Farber and Peterkink, 1991; Sauders et 
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al., 2012; Haase et al., 2014). Ability to survive in moist soils more than 295 days as well 
as thrive in low-salinity coastal waters has been demonstrated (Colburn et al., 1990; 
Welshimer, 1960). Prevalence studies have found L. monoctyogenes in raw milk, soft 
cheeses, meat, poultry, seafood, and fruit and vegetables (Jay et al., 2005). A large 
number of mammals play host to the bacteria, including cattle, sheep, goats, and 
humans, as well as poultry and other fowl, ticks, flies, fish, and crustacean (Gray and 
Killinger, 1966). 
The high prevalence of Listeria in the environment, combined with its ability to 
grow at low temperatures and readily form biofilms (Valderrama and Cutter, 2013) 
leads to high concern over this pathogen in food processing environments. Persistence 
of some strains within these processing environments (Holch et al., 2013) has led to zero 
tolerance for this pathogen in ready to eat (RTE) products (Jay et al., 2005). 
Disease Caused by Listeria monocytogenes 
 Once consumed, L. monocytogenes colonize the intestinal tract, where it 
becomes an invasive agent, entering tissues such as the liver and spleen, and eventually 
enters the blood stream through the production of listeriolysin O; a hemolysin (Todd 
and Notermans, 2011). In addition to the production of hemolysin, invasion of 
monocytes (macrophage) also contribute to destruction of the host defense system. 
Once inside the host cell, L. monocytogenes moves throughout the host via blood or 
lymphatic systems to various tissues where it can invade those cells, multiply within, 
and spread to adjacent cells without risk of destruction by the host’s immune system. 
The probability and severity of tissue invasion depends on the health state of the host, 
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virulence of the strain, and number of organisms consumed (Gellin and Broome, 1989; 
FDA, 2003). 
When consumed at levels of 10 2 -10 4 cells per gram of food, the bacterium 
generally affects older adults, pregnant women, newborns, and those with weakened 
immune systems while healthy adults rarely contract listeriosis (Jay et al., 2005). 
Severity and characteristics of the disease depend on the state of the host and can 
include fever, muscle aches, confusion and loss of balance, stiff muscles, and 
gastrointestinal discomfort within as little as 72 hours of ingestion, but generally has a 
two to three week incubation period. Susceptible adults may develop septicemia 
(poisoning of the blood) and meningitis (infection of the central nervous system). 
Listeriosis is often associated with pregnant women, as L. monocytogenes has the ability 
to cross the placental barrier. In these cases, women may experience fatigue, aches, 
miscarriage, stillbirth, premature delivery, or bacteremia and meningitis in the newborn 
(Jay et al., 2005; CDC, 2013c).   
 While outbreaks involving L. monocytogenes are less common than other 
bacterial pathogens, they are often well publicized due to the severe illness outcomes 
and high mortality rates. World-wide, fatality rates can be as much as 20-30%, with one 
report in the United Kingdom of 46% death rate of listeriosis confirmed cases 
(McLauchlin, 1997; Todd and Notermans, 2011). In 1999, a total of 2500 cases of 
listeriosis were estimated, resulting in 500 deaths (20% mortality) (Mead et al., 1999). 
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Outbreaks with Non-Produce 
Listeria monocytogenes outbreaks are most often associated with RTE meat and 
dairy products (Todd and Notermans, 2011). In a risk-ranking model for listeriosis 
among RTE foods, the Food and Drug Administration (FDA) identified delicatessen meats 
as the highest risk food (FDA, 2003), with three large outbreaks occurring in this product 
from 1998-2002 (Painter et al., 2013). Listeriosis has been linked to hotdog consumption 
in several cases, with one large outbreak occurring in 1998 resulting in 101 
hospitalizations and 21 deaths, including miscarriages (CDC, 1998; CDC, 2012a). 
Additional listeriosis outbreaks resulting from RTE cheese products include pasteurized 
specialty cheeses (two illnesses, one death), unpasteurized blue cheese (15 illnesses, 
one death), pasteurized milk (five illnesses and three deaths), and multiple Mexican 
style cheese products (several outbreaks resulting in death) as well as seafood products 
(tuna; five illnesses and three deaths, and sushi; two illnesses) (CDC, 2012a; CDC, 
2014a).  
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Vectors Associated with Listeria monocytogenes Outbreaks 
 
Figure 2. Percentage of listeriosis illnesses attributed to food commodities in the U. S., 
1998-2008. Adapted from Painter et al., 2013. 
 
Salmonella 
Pathogen Characteristics 
Salmonella are Gram-negative, non-spore forming, motile rods. They are 
mesophillic, facultative anaerobes that grow best at pH 4.0-9.0 and are not able to grow 
below 0.94 water activity. Salmonella is heat sensitive, destroyed by pasteurization 
temperatures (Jay et al., 2005). 
Nomenclature of Salmonella is complex and evolving. Of the over 2,400 serovars 
known, each is placed into one of two species; Salmonella enterica or Salmonella 
bongori. The CDC identification system then divides S. enterica into six subspecies, 
referred to with Roman numeral and name (ex: I S. enterica subsp. enterica). Individual 
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strains (serovars) within these subspecies are then identified based on serotyping of O 
and H antigens, similar to E. coli. However, serovars of Salmonella are placed into 
groups (A-E) based on O antigen similarities. H antigens provide further classification, 
identified by Phase (1 or 2). The majority of serotypes that cause illness in humans 
belong to S. enterica subsp. enterica, which is when the CDC identifies serovars with 
names (ex: Enteritidis, Typhimurium, Newport) (Brenner et al., 2000; Jay et al., 2005). 
World-wide, serovars most commonly associated with human illness include Enteritidis, 
Typhimurium, Newport, Infantis, Virchow, Hadar, Agona, Heidelberg, Stanley, 
Montevideo, and Saintpaul (Hendriksen et al., 2011; Jackson et al., 2013; CDC, 2014a).  
Reservoirs 
 Salmonella spp. is a common inhabitant of the intestinal tract of birds, reptiles, 
mammals (livestock such as pigs and cattle, and humans), and insects (Jay et al., 2005). 
It is therefore naturally secreted in feces, and transmitted to water, plants, and soil. 
Once contracting Salmonella, a person or animal can become a carrier; shedding the 
organism in its feces without showing symptoms of the disease to infect others. Cattle 
have been shown to shed the bacteria at rates of 14.0% in feedlots (Tabe et al., 2008), 
and 21.1% in milking facilities (Wells et al., 2001). 
 Much research has indicated that Salmonella is capable of survival in the 
environment for extended periods of time. A prevalence study by Jensen et al., (2006) 
demonstrated the ability of Salmonella to persist in a hog production environment for 
up to five (soil) or seven (shelters) weeks, and to be present in water associated with 
production. It has also been shown to survive in manure and manure-amended soils for 
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up to 184 and 332 days, respectively (You et al., 2006). Transfer of Salmonella enterica 
serovar Typhimurium onto the surface of produce (carrot and radish) was shown when 
contaminated manure and irrigation water was applied throughout the growing season 
(Islam et al., 2004). Yang and group (2001) demonstrated the ability of Salmonella 
Typhimurium to persist in chilled chicken processing water after treatment with 
chlorine, and Mezrioui et al. (1995) found Salmonella to have better survival rates in 
treated sewage water than that of E. coli.  
Disease Caused by Salmonella 
Salmonella spp. cause illness called salmonellosis in humans through infection, 
by production of an enterotoxin. To do this, ingestion of high numbers of cells (106-109 
cells/g) must be ingested. Within 12-36 hours of ingestion, the cells will colonize the 
epithelial cells of the intestinal wall and produce toxin to cause symptoms; abdominal 
cramps, nausea, vomiting, chills, fever, diarrhea, and dehydration (Jay et al., 2005). In 
healthy individuals, symptoms generally last 2-3 days. Mortality rates of salmonellosis 
range from 5-15% for young, old, and immune compromised, to as low as 2% in healthy 
adults. While mortality is low for this pathogen it is highly prevalent, resulting in an 
estimated 1.2 million illnesses each year in the U. S. and is the leading cause of 
hospitalizations and deaths from foodborne bacterial disease (Scallan et al., 2011). 
Despite efforts to improve safe food practices, incidence of reported Salmonella 
infection has not decreased in the U. S. (Jackson et al., 2013).  
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Outbreaks with Non-Produce 
Salmonella spp. account for the largest bacterial group to cause foodborne 
illness (11% of all cases), resulting in an estimated 1.2 million cases each year (Scallan et 
al, 2011). A total of 1,491 outbreaks resulting from Salmonella were reported in the U. S. 
during 1998-2008 (Jackson et al., 2013). It is a widely dispersed pathogen, associated 
with a variety of food products including eggs, poultry, pork, turkey, beef, seafood, milk, 
nuts, grains, vegetables and fruits (Jay et al., 2005; Jackson et al., 2013).  
Of these products, eggs were most commonly associated with salmonellosis, 
linked to 112 outbreaks. These included several outbreaks resulting in many illnesses, 
but few deaths. In 2001, one outbreak occurred in a Nevada prison that resulted in 317 
illnesses due to the consumption of raw egg milkshakes, and another in a restaurant in 
Virginia that resulted in 231 illnesses and 34 hospitalizations (CDC, 2012a). Another 
large outbreak in 2010 resulted from contaminated eggs originating from an Iowa farm 
and resulted in nearly 2,000 cases of salmonellosis (CDC, 2010). Poultry (chicken and 
turkey) are also often associated with Salmonella infections. One large outbreak within 
a prison in Arkansas in 2012 resulted in 365 illnesses and six hospitalizations, found to 
be the result of chicken salad contaminated with multiple Salmonella seortypes (CDC, 
2014b). An outbreak at a restaurant was also attributed to contaminated chicken, 
resulting in 227 illnesses and nine hospitalizations (CDC, 2012a). A multistate outbreak 
linked to ground turkey resulted in 181 illnesses, 50 hospitalizations and one death in 
2011 (CDC, 2012a).  
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Vectors Associated with Salmonella spp. Outbreaks 
 
Figure 3. Percentage of Salmonella illnesses attributed to food commodities in the U. S., 
1998-2008. Adapted from Painter et al., 2013. 
 
Cantaloupe and Watermelon 
Melons, including cantaloupe, muskmelon, other rock melons and watermelon, 
are the third most consumed fruit in the U. S. (USDA ERS, 2012a). In the U. S., melons 
are often consumed as snacks but in other areas of the world they are a regular part of 
the diet (FDA, 2013a). Melons remain highly popular world-wide, as new varieties and 
distribution methods allow year round availability. General production methods and 
food safety concerns are discussed below. 
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Production and Consumption 
Production of melons in the U. S. is focused in southern states, as long, warm 
growing seasons free of frost are required. Despite restricted production areas, the U. S. 
remains in the top five countries for cantaloupe production, behind China, Turkey, Iran, 
and Egypt. In 2013, approximately 74,700 acres were utilized to produce 18.1 million 
cwt cantaloupe valuing $319 million (USDA NASS, 2014; AgMRC, 2014). California leads 
this, providing 12.7 million cwt of the total production, followed by Arizona and Indiana 
(AgMRC, 2014). In the case of watermelon production, total U. S. production reached 39 
million cwt, valuing $520.8 million in 2012. Leading states in watermelon production 
include Florida, Georgia, California and Texas (USDA NASS, 2014). 
Cantaloupe and watermelon are popular fruits world-wide. They are prepared by 
slicing, cutting into bite-sized cubes, or blended as part of smoothies/drinks. In the U. S., 
consumption of melons has reached 27 pounds per capita (11 pounds of 
cantaloupe/honeydew and 16 pounds of watermelon) and in 2010 melons were the 
third most consumed fruits in America (USDA ERS, 2012a; AgMRC, 2014). This popularity 
can be attributed to American’s desire to eat a healthier diet and improvements in 
production and distribution methods along with new marketing campaigns of pre-cut 
convenience melon products. In addition, new varieties of melons have been developed 
that contain higher sugar content to meet consumer preferences as well as the ability to 
grow in new geographic/climatic areas of production (AgMRC, 2006; FDA, 2013a). 
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General Production Practices  
The commercial production of all U. S. melons occurs primarily in the southern 
portion of the country including California, Arizona, Texas, Georgia and Florida, although 
small scale seasonal production does occur in the Midwest. The harvest season for 
melons lasts from April through December but varies within states (AgMRC, 2014). 
Depending on location and choices of individual producers, variations in practices during 
melon production occur. In general, production will include primary (field) production, 
harvesting, packaging, cooling, holding, and transport, all of which can include a variety 
of steps and can occur in various orders.  
Primary production includes steps involved with growing of melons such as 
planting, application of irrigation water, fertilizers, and agricultural chemicals (FDA, 
2013a). During this process, melons may be grown outside or in protected structures 
such as hoop houses or high tunnels (Swiader et al., 1992). In both locations, melons 
have direct contact with the soil which increases their chance of becoming 
contaminated. Some growers choose to reduce melon-soil contact potential by using 
plastic mulches or placing the melons on cups, thus reducing the probability of melons 
developing ground spots (soft spots of the melon caused by prolonged, direct contact 
with the ground). Others choose to hand-turn melons in the field multiple times by 
human workers to prevent ground spot development and sunburn (CAC, 2011). In 
addition to this, irrigation water is required for production of melons. Growers have 
options for their choice of irrigation source, such as municipal water, re-used water, 
reclaimed wastewater, discharge water from aquaculture, canals, reservoirs, rivers, 
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lakes, and farm ponds (CAC, 2011), as well as the method of irrigation. Overhead 
irrigation is not recommended especially for netted melons because there is an 
increased risk of contamination, and if furrow irrigation methods are utilized pooling of 
water coming into contact with the melons is not desired (CAC, 2011; United Fresh, 
2014). Fertilizers, pesticides, and any other chemicals may also be applied to the melons 
using water, which should be considered for potential to transfer contaminants directly 
onto the surface of the growing melons. Application of manures are strictly regulated 
for melon producers in accordance with FSMA, as pathogens have been shown to 
survive in soils for extended periods of time (FDA, 2013b). 
Following primary production, harvesting and processing practices may also vary 
by producer and location. Melons must be manually harvested by workers walking 
through fields, and are placed into bins, tubs, or cardboard containers for shipping. After 
harvest, melons are handled in one of two ways. They may be field-packed, where they 
may be subject to grading, sorting, cleaning, and/or packaging into appropriate shipping 
containers directly in the field. From there, they will be transported to a holding area for 
pre-cooling using forced air methods to reduce field heat before being transported to 
retail markets, or transported directly to retail/wholesale/food service markets or 
distribution centers. In the second case, melons will be transported to a packing facility 
after harvest, where they may be pre-cooled using hydro-cooling prior to packing, or be 
packaged prior to pre-cooling using forced air methods. Once melons are pre-cooled in 
the packing facility, they will be transported to the desired market, where they may be 
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further processed by additional stakeholders or sold as whole melons to the eventual 
end-user/consumer (FDA, 2013a).  
 
Sources of Contamination  
Contact with pathogens is of high concern for cantaloupe, as the nature of the 
rough rind and stem scar tissue encourage the attachment and infiltration of 
microorganisms which leads to protection of bacterial cells during washing treatments 
(Ukuku and Sapers, 2001; Richards and Beuchat, 2004; Wang et al., 2009). Additionally, 
cracks, abrasions, or punctures on the surface of watermelon, which contain a waxy 
outer cuticle may allow for pathogen entry into the flesh tissues, protecting against 
washing treatments (Burnett and Beuchat, 2000; Richards and Beuchat, 2005b). This, 
combined with the relatively high pH of cantaloupe and watermelon flesh (6.0-6.5 and 
5.1-5.6, respectively; foodsafety.wisc.edu) and high water and nutrient content results 
in the capability of pathogens to survive and grow once transferred from the rind to 
flesh during processing, as established by Del Rosario and Beuchat (1994). Cantaloupe 
and watermelon are generally consumed fresh, with no processing treatments that 
would eliminate or inactivate pathogens if present (CAC, 2011; FDA, 2013a). Therefore, 
all activities within the food chain are important to consider for reducing these microbial 
risks.  
Sources of cantaloupe and watermelon (referred to as “melon/s” from here 
forward) contamination include soil, irrigation water, manure used as fertilizer, wildlife, 
harvesting and processing equipment, wash water or packing ice, and human handlers 
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during harvest, processing, shipping, or food preparation (Beuchat, 1996). Foodborne 
outbreaks with melons have been attributed to water quality (pre and postharvest), 
residual surface moisture, equipment and packing facility sanitation, poor temperature 
control, cross contamination, and infected food handlers (CAC, 2011; FDA 2013a).  
During primary production, several environmental factors may be involved in 
potential contamination of melons. Direct contact with the soil may occur even if plastic 
mulch is used, leading to cross contamination and establishment of microbial 
populations on the surface of the melon which are often protected by the natural 
structures of the product during any intervention application (Richards and Beuchat, 
2005b). Sources of field contamination during production include contaminated water 
and domestic and wild animal presence. Assessing these environmental risk factors prior 
to production will allow farmers to take precautionary measures addressing potential 
food safety hazards.  
Considering environmental factors such as geographical features (slope of the 
land), current and historical land use, and climate conditions will allow farmers to 
address the possibility of runoff and flooding conditions that bring potential 
contamination to production sites. Farmers should also be aware of practices that are 
occurring near their fields, such as wastewater treatment or confinement animal 
operations that pose risks for runoff contamination (FDA, 2013a). The presence of 
wildlife pose risk of melon contamination, as natural carriers of human pathogens such 
as deer, birds, and domesticated animals passing through the fields may defecate on the 
product (Miko et al., 2009; Wacheck et al., 2010). Assessing the risk for animal activity in 
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the fields will allow farmers to determine best practices to reduce their presence, such 
as minimizing standing water and removal of waste and equipment that would attract 
wild animals. In addition, microbial testing of the environment and water will allow 
farmers to determine the risks present and ensure their irrigation sources are not a 
source of contamination for their product. However, corrective action plans must allow 
for farmers to appropriately react to a positive environmental sample to mitigate the 
risk for contamination (FDA, 2013a).  
Additionally, cultural farming practices such as irrigation, fertilizer, and other 
agricultural applications as well as human activities all pose potential risk for 
contamination of melon products. The use of irrigation water has been recognized as a 
source of bacterial contamination for produce (Oliveria et al., 2011; Jones et al., 2013), 
with microbial quality varying depending on water source (Pachepsky et al., 2011). As a 
result of this, producers are required to provide proof of microbiological quality testing 
of irrigation water prior to the growing season, and safety standards based on generic E. 
coli (sampling mean of no more than 126 CFU/100 ml, or Statistical Threshold Value 
(STV) of 410 CFU /100 mL) must be met, or water must be treated prior to use on 
growing melons. If generic E. coli standards are not met, microbial quality may be met 
by allowing for adequate time intervals between last irrigation and harvest (0.5 log/day 
reduction to allow for die-off), holding times after harvest to allow for natural die-off, or 
reduction by commercial washing (FDA, 2013a). Application of agricultural chemicals 
such as pesticides or herbicides by means of irrigation water or direct application also 
pose a risk for microbial contamination if stored or handled improperly (CAC, 2011). The 
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use of manure as fertilizer has been shown to carry pathogens and contaminate 
produce, especially product grown on the surface of the ground such as cantaloupe 
(Hutchison et al., 2005; Chen and Jiang, 2014; Hofmann et al., 2014), and pathogens 
have been shown to survive in manure-amended soils for up to 332 days (Salmonella; 
You et al., 2006). For these reasons, FSMA rules require producers to incorporate raw 
manure fertilizers into their fields no less than 90 days before harvest of plants (FDA, 
2013a).  
During and after harvesting, processing equipment and tools are possible 
contamination sources as well. If field-packing occurs, care should be taken so harvested 
melons are not coming into direct contact with the soil or dirty harvesting containers as 
the exposure of the stem scar tissue may allow for internalization of bacteria (Erickson, 
2012). During cooling or further processing, poorly maintained processing facilities, also 
referred to as “packing sheds” pose many food safety risks, and have been implicated as 
the source of pathogen contamination for melon products (CDC, 2012b). The use of 
Good Agricultural Practices (GAPs) and Standard Sanitation Operational Procedures 
(SSOPs) are important for maintaining the quality and cleanliness of equipment.  
Specific examples important to melon production include cleaning and sanitizing 
containers used to harvest and hold melons, separating waste material and frequently 
removing it from facilities, and prevention of standing water accumulation. Maintaining 
equipment to properly function is also of importance to prevent mechanical damage to 
melons which may allow for internalization of pathogens (Erickson, 2012) as well as 
preventing leakage of oil/lubricants onto the melons. The use of food contact surfaces 
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such as collection bins or tables that can be easily cleaned and sanitized is important, as 
the presence of porous material such as soft or decaying wood has the potential to 
harbor pathogens, (CAC, 2011; FDA, 2013a, 2013b). Transfer of pathogen contamination 
from the rind surface to interior flesh of melons during cutting has also been 
demonstrated (Ukuku and Sapers, 2001), indicating the importance of preventing 
surface contamination during handling and processing. Transporting melons from field 
to packing sheds or directly to markets should also be considered for potential 
contamination of melons. Shipping containers and vehicles should be clean and 
designated for produce transport only, and melons should be covered when in transport 
to prevent cross contamination (FDA, 2013a). 
Human handlers pose a risk of contamination throughout the production and 
processing of melons. Contamination of foods often occurs from people carrying 
pathogens via the fecal-oral route (Kuss et al., 2011), and some bacterial contamination 
has been shown to be transferred from worker hands to some types of produce during 
harvesting (Shaw et al., 2014). It is therefore important that worker health and hygiene 
are closely monitored and addressed to decrease the risk of product contamination. 
Individuals displaying symptoms of gastrointestinal illness should not be allowed to 
work in production areas. Additionally, workers should be properly trained on hygienic 
practices including hand washing, wearing appropriate clean clothing, not eating or 
using tobacco products in food handling areas, and proper use of restroom facilities 
which are required to be present and properly maintained by regulations set forth in 
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FSMA (FDA, 2013b). Standard Operating Procedures (SOPs) should be written and 
performed for all areas of production (FDA, 2013a, 2013b). 
 
Outbreaks with Melons  
 In recent years, foodborne illness outbreaks have been increasingly associated 
with produce, including melon products, raising concern over the safety of this product 
(FDA, 2013a; Danyluk et al., 2014). Multiple outbreaks have occurred with cantaloupe 
and watermelon products in the U. S. and world-wide, the majority caused by 
Salmonella spp., but also E. coli O157:H7 and more recently, Listeria monocytogenes 
(CDC, 2012b; CDC, 2013b; Danyluk et al., 2014).  
 Two reported outbreaks in cantaloupe have been caused by E. coli O157:H7 in 
the U. S., resulting in a combined total of 15 illnesses (Danyluk et al., 2014). An outbreak 
of E. coli O157:H7 in watermelon occurred in 2000, resulting in over 530 illnesses, and 
the death of a young girl (Beers, 2000). Only one known report of a Listeria 
monocytogens outbreak occurred in cantaloupe, also the most deadly melon outbreak 
resulting in 33 deaths and one miscarriage (CDC, 2012b). Multiple outbreaks of 
Salmonella in cantaloupe have been reported, including large outbreaks in 1990 (245 
illnesses), 1991 (400 illnesses), 2005 (126 illnesses), and 2012 (261 illnesses and three 
deaths), as well as multiple additional but smaller outbreaks. Salmonella has also been 
present in watermelon, resulting in outbreaks in 1954 (17 illnesses and one death), 2008 
(594 illnesses), and several smaller outbreaks. Additional pathogens responsible for 
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outbreaks in these products include Norovirus, Campylobacter, and Shigella (Danyluk et 
al., 2014).   
 
Regulations for the Melon Industry 
In 2011, the FDA Food Safety Modernization Act (FSMA) was signed into law, 
giving the FDA authority to enforce regulations on food production for the overall goal 
of strengthening the U. S. food safety system (FDA, 2014). The focus of these actions are 
on preventative measures for food safety, rather than on reaction-based actions. The 
law encompasses the entire U. S. food system; domestic and imported, and allows the 
FDA set new, science-based standards for the food production system. As a result of this 
law, standards for growing, harvesting, packing and holding of produce have been 
established and melon producers must meet compliance with these new rules (FDA, 
2013b). These new standards associate the identified sources of microbial 
contamination on produce with methods of reducing the potential for risk, focusing on 
the areas of agricultural water, biological soil amendments (used as fertilizers), health 
and hygiene of workers, animals in production areas, and equipment, tools, and 
buildings. Each of these areas will require farmers to meet specified standards set 
through scientific research findings, with the ultimate goal of reducing the risk of 
pathogen contamination of the produce. 
Multiple guidelines are available to individuals in the melon industry to help 
develop and maintain food safety programs and practices within their specific system to 
reduce the risk of microbial hazards within their product, and meet the guidelines 
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required by FSMA rulings. These sources include the Annex on Melons written as a 
supplement to the Code of Hygienic Practice for Fresh Fruits and Vegetables (2003) 
which provides specific guidance on how to minimize microbial hazards during primary 
production, packing, and transport of fresh melons including those processed for pre-
cut markets (CAC, 2011), the Produce GAPs Harmonized Food Safety Standard which is 
an auditing program designed to harmonize Good Agricultural Practices (GAPs) within 
the produce industry (United Fresh, 2014), and the Commodity Specific Food Safety 
Guidelines for Cantaloupe and other Netted Melons (FDA, 2013a). Guidelines in these 
publications are based on preventative program (Hazard Analysis Critical Control Point; 
HACCP) practices including GAPs, Good Manufacturing Practices (GMPs), Standard 
Operating Procedures (SOPs), and Standard Sanitation Operating Procedures (SSOPs) as 
well as the requirements set by the Food Safety Modernization Act (FSMA).  
 
Melon Shelf Life and Quality 
Both cantaloupe and watermelon grow on the ground and frequently come into 
contact with microflora naturally found in the soil, including human pathogens as well as 
yeast and mold contaminants. Pathogenic microorganisms are of great concern due to 
human safety concerns with consumption of the fruit linked to an increase in foodborne 
outbreaks in recent years (CDC, 2012b; 2013b). However, Richards and Beuchat (2005a; 
2005b) identify fungal contaminants (yeast, mold) as the main cause of post-harvest 
quality loss and shelf life deterioration in whole melons.  
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Shelf life of melons is a large concern to producers as it is an indicator of the 
profits lost due to food waste (Doganis et al., 2006). Quality attributes such as flavor, 
juiciness, texture, and color contribute to a consumer’s desire to purchase the fruit 
(Pardo et al., 1997; Ukuku and Fett, 2002; Fonesca and Rushing, 2006). These 
characteristics will ultimately play a large role in a producer’s ability to make a profit. 
Shelf-life of whole cantaloupe and watermelon is generally 14-21 days when stored at 
optimal conditions (UC Davis, 2013), but is greatly reduced to 7-12 days after transit and 
sale through the market. 
Fungicide treatments are often utilized during primary production to prevent 
plant disease (Vallad, 2009; Nehal et al., 2014), as well as post-harvest to aid in 
extension of fruit shelf life (FDA, 2013a). Cultural practices including planting disease-
free seeds and resistant varieties, crop rotation, and removal of weeds and plant debris 
which harbor fungal diseases are also utilized to prevent losses during primary 
production and post-harvest quality losses (Clemson HGIC 2207, 2014). Additional post-
harvest practices include the use of hot water treatments and other chemical pest 
management treatments such as antimicrobials discussed in further detail later.  
Proper handling of melons is also important to maintain post-harvest quality. 
Protection from mechanical damage during harvest and storage will reduce fungal 
growth on the surface of melons by restricting nutrients. Quickly reducing temperature 
to optimum storage conditions (36-41°F, 95% relative humidity for cantaloupe, 45-50°F, 
90% relative humidity for watermelon) is also optimal to reduce fungal growth (UC 
Davis, 2013). Moisture promotes growth of fungal contaminants during post-harvest 
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storage of melons, so ensuring drainage and proper drying of melons following any 
wash treatment as well as reducing condensation in coolers during holding will slow 
fungal growth. Maintenance of air quality in ventilation systems such as in coolers is also 
important to consider to prevent airborne contamination of melons (FDA, 2013a).   
 
Shelf Life Concerns 
 Shelf life, or the duration of time melons may be stored after harvest before 
becoming unfit for human consumption, is affected by several factors. Acceptability and 
quality attributes that contribute to shelf life and spoilage of melons include changes in 
color, flavor, texture, and appearance (O’Connor-Shaw et al., 1994). Melons are living 
tissue and biological processes including respiration and ripening occur that cause 
deterioration of fruit tissues, shortening the shelf life (Labuza and Breene, 1989; 
O’Connor-Shaw et al., 1994). The presence of microorganisms including yeasts, molds, 
and lactic acid bacteria are also identified as major contributors to post-harvest 
deterioration of melons (Richards and Beuchat, 2005a; 2005b; Barth et al., 2010). 
Reducing internal temperature during storage has been shown to improve shelf life by 
reducing respiration rates of plant tissues and slowing growth of microorganisms 
(Shewfelt, 1986).  
Additional processing such as peeling and slicing of products may further affect 
shelf life by damaging plant tissues leading to quick breakdown, as well as increasing 
microbial spoilage through transfer from rind to flesh where nutrient availability 
promotes rapid growth (O’Connor-Shaw et al., 1994). This is a higher concern in melon 
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products over many other fruit because the relatively high pH of the flesh does not 
restrict microbial growth (Brackett, 1987). Spoilage microorganisms of concern in 
cantaloupe were addressed by Ukuku and Fett (2002), who identified lactic acid 
bacteria, Gram-positive bacteria, yeast and molds, and Pseudomonas spp. to be the 
most common contaminants on rind surfaces at loads of 2-4 log CFU/cm2. Similar results 
were found by O’Connor-Shaw and group (1994) who reported 3-4 log counts of lactic 
acid bacteria and yeast on fresh-cut cantaloupe. Artés-Hernández et al. (2010) reported 
1-2.5 log CFU/g of mesophilic, psychrophilic, and enterobacteria presence on the 
surface of fresh cut watermelon, which exceeded 4-5 log CFU/g by the end of the 11 day 
shelf life.  
 
Quality Attributes 
 Quality characteristics are indicators of consumer’s desire to purchase, eat, and 
to continue purchasing product in the future. In many cases, these quality attributes are 
often associated with shelf life of the product, as decreased quality indicates spoilage 
and therefore decreased sensory quality. From the consumer perspective, a desire to 
purchase melon products is influenced by visual appeal, including aroma, firmness, 
color, presence of water soaking or leaking juices, and in the case of pre-cut melon 
products, color retention and translucency of the product (Cartaxo et al., 1997; Bai et 
al., 2001; Beaulieu et al., 2004; Saftner et al., 2007). Perceived acceptable quality of 
these attributes varies by melon type (cantaloupe and watermelon). In general, 
consumers expect melons to be an expected color, have relative firmness of the rind, a 
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sweet and fruity aroma with no off-odor development, and if pre-cut, should not 
excessively leak juices from the flesh (Saftner et al., 2007). These quality measurements 
may be affected by physiological aging of the fruit during storage, as well as microbial 
growth and spoilage (Phillips, 1996; Mao et al., 2006).  
 For consumption, additional quality attributes of flesh aroma, texture, color, and 
sweetness are associated with acceptability (Rushing et al., 2001). Off-odor 
development in cut product related to microbial growth is a negative quality attribute 
for melon products (Bai et al., 2001; Fonseca et al., 2004). Flesh texture and color 
retention have been associated with physiological age of the melon as well as fungal 
and microbial presence leading to breakdown of plant tissues (Beaulieu et al., 2004; 
Mao et al., 2006; Fan et al., 2009). Sweetness has been associated with melon hybrid as 
well as maturity at harvest, and less so with microbial or physiological degradation 
(Beaulieu et al., 2004; FDA 2013a). Additionally, nutrient content may also be associated 
with consumers’ desire to consume melon products (Artés-Hernández et al., 2010). The 
combination of these sensory qualities will influence a consumer’s desire return for 
continued purchase of the melon products.  
 
Effects of Intervention Treatments on Melon Quality 
Previous work has shown promise in the use of produce rinses and sanitizers on 
the surface of produce to reduce microbial and yeast/mold populations, improving 
overall safety and quality. However, concern has been raised over the use of sanitizers 
resulting in reduced quality through softening and discoloring of fruits (Guan et al., 
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2010; Alexandre et al., 2012a; 2012b). Alexandre and group (2012b) observed 
discoloration of strawberries treated with 5% hydrogen peroxide, and Fan et al. (2009) 
observed sensory reduction (aroma, appearance, increased drip loss) of cantaloupe 
resulting from treatment with peroxyacetic acid. However, conflicting results have 
indicated that the use of some sanitizers may not have negative quality attributes. 
Mahmoud et al. (2008) demonstrated a 2 log reduction of yeast and mold on 
cantaloupe treated with chlorine dioxide gas for up to 12 days of storage without 
affecting color. Fonseca and Rushing (2006) reported reductions of total microflora on 
watermelon cubes utilizing ultraviolet-C light treatment with no deterioration of quality, 
and the use of hydrogen peroxide reduced total microbial populations on the surface of 
cantaloupe resulting in a 14 day shelf life without noted changes in appearance (Sapers 
et al., 2001). Fan and group (2009) reported reductions of yeast and mold counts using 
chlorine and acidified chlorine treatments on whole cantaloupe up to 11 days of storage 
with no significant changes on color, texture, or flesh composition. Barth et al. (1995) 
reported reduced fungal presence on blackberries with no observable changes in 
appearance after treatment with ozone up to 0.3 ppm. In a direct comparison between 
hydrogen peroxide and ozone, Alexandre et al. (2012a) observed greatest microbial 
reductions on strawberries with hydrogen peroxide treatment, but also noted significant 
quality defects in color loss. On the other hand, ozone treatment resulted in lower 
microbial loads while retaining quality of the strawberries.   
 
 
49 
 
 
 
Produce Rinse Review 
One method for reducing microbial populations to improve safety and quality of 
melons is by washing with water containing antimicrobials to remove soil and reduce 
microbial contamination (FDA, 2013b). A variety of sanitizers are available for use, 
including the most popular choice of sodium hypochlorite (chlorine), as well as acids, 
chlorine dioxide, hydrogen peroxide, quaternary ammonium, and other natural 
antimicrobials. Research has indicated that these sanitizers have varying degrees of 
effectiveness against microbial contaminants on a variety of produce including melons, 
which can be affected by several environmental factors. These can include the surface 
type of produce and presence of soil, time allowed for contact on the product, the 
concentration of sanitizer used, and water source, temperature, and pH (ISU 1974D; 
Shaw et al., 2013).  
The type of various produce affect the ability of a sanitizer to penetrate the 
surface. Produce with grooves or crevices such as lettuce or cantaloupe decrease the 
ability of the sanitizer to reach all surface areas, and produce that becomes damaged 
during growth or handling tend to harbor and protect microorganisms from contact with 
sanitizers in the damaged areas.  
Additionally, soil on the surface of produce will decrease the effectiveness of 
sanitizers because it binds active agents in the sanitizer, resulting in lower 
concentrations and less antimicrobial activity within the wash water. Contact time with 
the product can also affect the effectiveness of the sanitizer. Some sanitizers act more 
rapidly against microbial cells than others, but factors such as temperature and pH can 
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further affect this reaction rate. Concentration of the sanitizer utilized in the wash water 
has a large role in antimicrobial effectiveness. Considerations for concentration use 
include a high enough concentration that will effectively kill vegetative cells and/or 
spores but will not negatively affect the quality of the produce.  
Water quality also plays a large role in sanitizer effectiveness. Starting with 
clean, microorganism-free water is important. Hardness (presence of minerals) of water 
can also bind the active ingredients in a sanitizer, reducing the antimicrobial efficacy. 
Water temperature can also affect the sanitizer activity. If too high, vaporization can 
occur, resulting in harmful gases and decreased activity but if too low, some sanitizers 
can become less effective against microbial cells. Finally, the pH of the water and 
product may also affect the sanitizer effectiveness, with optimal pH conditions varying 
by differing sanitizers.  
Variations in these environmental factors make comparisons, selection, and 
optimizations of sanitizer use in specific produce commodities and processing 
environments difficult. Additionally, sanitizer efficacy studies vary in methodology, 
making overall comparisons difficult (Beuchat et al., 2001). Acknowledging this, an EPA 
Scientific Advisory Panel set out to develop standards for evaluating produce sanitizers, 
with the goal of reducing experimental protocol variations to accurately measure 
bacterial reductions for better comparisons and to adapt protocols that would more 
accurately simulate industry and consumer practices (Federal Register, 1997). As a result 
of this, a minimum of 2-log reductions of multiple strain bacterial groups associated 
with foodborne outbreaks are recommended for acceptance of performance standards 
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(Beuchat et al., 2001). With this acknowledged, a multitude of research is available for a 
variety of produce sanitizers, indicating their efficacy against bacterial contaminants in 
produce.  
 
Sodium Hypochlorite  
 Sodium hypochlorite is the most widely used antimicrobial in wash water 
treatments for the produce industry at concentrations of 100-200 parts per million 
(ppm). Many benefits to the use of this disinfectant contribute to its popularity, 
including ease of preparation, stability in solution, fast action in destruction of 
vegetative cells, low cost (approximately $3-5/L retail, or $1,000/ton bulk powder), and 
ease of testing for proper concentrations in wash waters. However, many drawbacks 
come with the use of this product as well. These include ineffectiveness at lower 
temperatures, pH requirements (6-8.5 for best results), corrosiveness to metals and 
therefore processing equipment, formation of harmful gases (chloramines) at improper 
concentrations and temperatures, inactivation in the presence of minerals and soil 
particles in the water (due to binding of free chlorine), and the need to treat waste 
water before release into the environment (ISU 1974D, Shaw et al., 2013; Shang and 
Blatchley, 2001). In addition to this, research has shown waterborne organisms such as 
viral and parasitic pathogens demonstrate resistance to chlorination (Nwachcuku and 
Gerba, 2004).   
Chlorine is a strong oxidizing agent that irreversibly modifies thiol groups of 
enzymes involved in essential cellular functions. Additionally, hypochlorous acid is the 
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active agent in a sodium hypochlorite (chlorine) solution that acts as a solvent in the 
presence of organic matter. It degrades fatty acids into salts and glycerol, reducing the 
structure of the cytoplasmic membrane necessary for cellular metabolism. Free chlorine 
also combines with amino groups, degrading enzymes and cellular proteins, forming 
chloramines which interferes with cellular metabolism (Estrela et al., 2002). This high 
oxidative reactivity of chlorine makes it very effective for bacterial destruction, but also 
causes downfalls in the food industry as it is highly reactive with all present organic 
matter.  
When applied to the surface of produce, chlorine results in variable bacterial 
reductions, often attributed to variations in produce surface structure. For example, 
treatment with 200 ppm chlorine for 15 minutes resulted in a reported 8 log reduction 
of E. coli on the surface of tomatoes, but only 3-4 log reductions on the surface of 
lettuce and carrots (Bermúdez-Aguirre and Barbosa-Cánovas, 2013). These differences 
in reduction were attributed to the smooth surface of tomatoes and porous, rough 
surfaces of carrots and lettuce that allow for bacterial protection from the sanitizer 
treatment. Rodgers and group (2004) reported approximately 5 log reductions of E. coli 
O157:H7 and L. monocytogenes when treated with 200 ppm chlorine in an aqueous 
system, but when the pathogens were allowed to attach to the surface of apples, 
lettuce, strawberries, and cantaloupe, results were reduced to 4 log or less. Additionally, 
Rodgers group reported chlorine treatments to result in reduced yeast and mold 
populations on all produce types after nine days of storage, though negative sensory 
attributes were displayed in some fruit (apples). 
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 Specifically to melons, chlorine has been shown to have conflicting bactericidal 
results. Ukuku and Fett (2002) observed 3 and 2 log reductions of natural microflora on 
the surface of netted (cantaloupe) and smooth (honeydew) melons, respectively as well 
as 1-2 log reductions for yeast, mold, and Pseudomonas counts when treated with 200 
ppm free chlorine. Another study by Ukuku et al. (2001) demonstrated that chlorine was 
more effective at reducing E. coli on the surface of cantaloupe than hydrogen peroxide 
(3.2 and 1.7 log reductions, respectively), but hydrogen peroxide was more effective for 
reducing yeast and mold populations. In a model cantaloupe production system the use 
of chlorine (3-4 ppm) in a commercial dip tank resulted in less than 0.5 log reductions of 
generic E. coli, which was not improved when the treatment was combined with hot 
(46°C) water (Akins et al., 2008).   
 
Hydrogen Peroxide 
 Hydrogen peroxide (H2O2) is approved for use as an antimicrobial treatment on 
the surface of fruits and vegetables, and is typically utilized at a concentration of 3-5% 
(CFR, 2012). Benefits to the use of this sanitizer include ease of preparation, relatively 
inexpensive in gas and liquid forms (approximately $10-12/quart commercially), fast 
action against bacterial cells and effectiveness against spores, and it breaks down easily 
in water to allow for easy waste removal. However, H2O2 can cause allergic reactions 
and is an irritant in the vapor forms, breaks down readily in sunlight and high 
temperatures making storage and effective shelf life more restrictive, and it is not stable 
in water for long processing times (ISU 1974D, Shaw et al., 2013).  
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Bacterial destruction with H2O2 may result from several factors. As an oxidizing 
agent, H2O2 dissociates in solution to form hydroxyl radicals which oxidize thiol groups 
in proteins and enzymes on the surface of the cell membrane (Turner, 1983). Diffusion 
of dissociated H2O2 molecules across the cellular membrane also results in changes of 
osmotic pressure, eventually leading to rupture of the cellular membrane known as 
“bursting” of the cell (Maris, 1995; ISU 1947D, 2013). Research has indicated the 
potential of H2O2 for pathogen and natural microbial populations on the surface of a 
variety of produce, but negative color changes of more sensitive produce may limit the 
use of this sanitizer. Lin and group (2002) demonstrated 4 log reductions of E. coli 
O157:H7 and S. Enteritidis and 3 log reduction of L. monocytogenes on the surface of 
lettuce treated with 2% H2O2 applied at 50°C, but also reported a reduction in quality 
through browning of leaves. Treatment of mushrooms with 0.5% H2O2 was reported to 
reduce total microbial populations but resulted in browning of mushrooms (Sapers, 
2001), and a three log reduction of E. coli was observed on the surface of apples treated 
with 1% H2O2 at 20°C for 15 minutes with no discoloration, but the same treatment 
conditions resulted in less than 1 log reduction of E. coli on the surface of cantaloupe 
(Sapers and Sites, 2003). However, in a study that treated the melons similarly by 
holding inoculated cantaloupe for 24 hours prior to treating with 5% H2O2, S. Stanley 
was reduced by 2 logs (Ukuku and Sapers, 2001).  
Ukuku (2004) demonstrated 3 log reduction of natural microflora and Salmonella 
on whole melons (cantaloupe and honeydew) when treated with 2.5% H2O2 for 5 
minutes, with no changes in appearance during storage and no differences seen 
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between melon types. However, efficacy of H2O2 was reduced when inoculated melons 
were held for 24 hours prior to treatment. Additional, conflicting results indicated that 
washing whole cantaloupe in 5% H2O2 solution for 2 minutes resulted in 2.0-3.5 log 
reductions of L. monocytogenes, regardless of storage (1-15 days) after initial 
inoculation (Ukuku and Fett, 2002). Ukuku (2006) also reported 3.2 log reduction of 
total microflora on the surface of cantaloupe treated with 2.5% H2O2 and stored for 
seven days, but less than 0.5 log reduction of yeast and mold populations was observed 
with this treatment. Results of another study by Sapers et al. (2001) reported only 1.6 
log reduction of natural microflora on the surface of cantaloupe when treated with 5% 
H2O2, though this was increased to a 3 log reduction when combining a commercial 
detergent with the H2O2 treatment.  
 
Chlorine Dioxide 
 Chlorine dioxide is approved for use in the food industry both as gas and liquid 
forms, at a maximum concentration of 3 parts per million (ppm) (CFR, 2012). Benefits 
for using this sanitizer in the produce industry include effectiveness against bacterial 
spores and viral contaminants over a wide range of pHs (6.0-10.0), it is highly soluble in 
water, it is less corrosive than sodium hypochlorite, and it does not ionize or break 
down in water which means that it remains effective for long processing times and does 
not have the potential to produce harmful compounds, unlike sodium hypochlorite. 
However, drawbacks to this sanitizer include higher costs ($40-50/Gal), negative quality 
effects during long exposure times, decreased efficacy at lower temperatures, and the 
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requirement of a water rinse after application (Ridenour and Ingols, 1947; Rodgers et 
al., 2004; ISU 1974D, 2013; SafeOx, 2015).  
 This sanitizer is also an oxidizing agent similar to sodium hypochlorite, though 
much more powerful. Cellular death results from disruption of the cellular wall and 
reduction of metabolic functions through enzyme degradation and prevention of 
protein synthesis. Chlorine dioxide gas treatment of 5.0 mg/L for two minutes has been 
shown to reduce E. coli O157:H7, L. monocytogenes, and Salmonella Poona on 
cantaloupe rinds by 2-3 log, and extend the shelf life of melons by six days in 
comparison to the control without significantly affecting color (Mahmoud et al., 2008). 
Sy et al. (2005) reported similar reductions of pathogens on a variety of produce 
(lettuce, cabbage, carrot, apple, peach, tomato, and onion) when treated with 4.1 mg/L 
chlorine dioxide gas for up to 30 minutes. This group observed 1.5-5.9 log reductions of 
E. coli, Salmonella, and L. monocytogens depending on produce type with highest 
reductions achieved on carrots, and as much as 2.7 log reductions of yeast/mold 
populations on peaches. However, quality effects including whitening of carrots, and 
browning of lettuce, cabbage, and peaches indicated limitations to use of this sanitizer 
in these products, though no decrease in sensory quality of tomatoes, apples, or onions 
was found over appropriate storage for each product. In contrast, Neal et al. (2012) 
reported only 0.6 and 0.7 log reductions of Salmonella and E. coli respectively on 
spinach leaves when treated for 1 hour with 2.1 mg/L. 
 Chlorine dioxide as a liquid application of 100 ppm was shown to reduce total 
bacterial counts by 3-4 logs on the surface of apples, guava, lettuce, and cucumber 
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(Chung et al., 2011). Liquid chlorine dioxide reduced E. coli O157:H7 and L. 
monocytogenes populations by 4.9 logs (3 ppm) and 5.6 logs (5 ppm) on the surface of 
apples, lettuce, strawberries, and cantaloupe without negatively affecting quality 
attributes, but did not reduce yeast and mold counts following a nine day storage 
(Rodgers et al., 2004). Additionally, Costilow et al. (1984) reported effective control of 
produce wash water quality using only 25 ppm chlorine dioxide, which achieved 5 log 
reduction of total microbial loads and 3.5 log reduction of yeast/mold presence. 
However, when this treatment was not effective for reducing microbial populations 
when washing whole cucumbers. Similar results were observed by Wisniewsky and 
group (2000), who reported little improvement over a plain water rinse when a 
commercial chlorine dioxide wash was applied to apples. This research reported a 2 log 
reduction of total bacterial counts when water was used, and less than 3 log reduction 
when 40 ppm chlorine dioxide was applied to the apples for 5 minutes.  
 
Organic Acids 
The use of organic acids (acetic, citric, lactic, propionic, and malic acids) at 
concentrations of 1-3% as decontamination methods on whole beef and pork carcasses 
to reduce foodborne pathogens has been widely accepted in the meat industry for many 
years (Cutter and Siragusa, 1994), and their use as natural antimicrobials for minimally 
processed and “natural” foods are becoming more popular as demand for these 
products increase (Davidson et al., 2013). Benefits to the use of organic acids as 
antimicrobial treatments include noncorrosive to stainless steel, no color or odor quality 
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changes in resulting treated product, relatively low cost ($10-20/Gal), quick acidification 
of water for fast acting effectiveness, and the ability to declare more natural ingredients 
and processing for food products. However, organic acids work best in acidic conditions 
that are not always conducive to produce processing, and these antimicrobials have 
limited kill potential against gram positive bacteria and yeast/mold populations (ISU 
1974D, 2012).  
Organic acids act to destroy cells through disruption of pH balance. Acid 
dissociation occurs in solution, resulting in the passage of protons across the cell 
membrane, acidification of the cytoplasm, and eventually inactivation of metabolic 
enzymes. Research on the efficacy of organic acid applications to improve microbial 
safety of produce can be difficult to compare, as variations in application times, 
concentrations, and temperatures often occur as well as bacterial and produce type 
differences all must be taken into account when differences in pathogen reductions 
occur.   
 Examples of variation in temperature applications occurred in Fouladkhah and 
Avens (2010) research, where they observed 0.7 log reduction of natural microflora on 
the surface of whole cantaloupe treated with acetic acid at 25°C. However, this was 
improved to 3.4 log when the temperature was increased to 95°C, but it was not 
significantly different than results of plain water treatment at the same temperature. 
Additionally, 3% citric acid treatment of Yersinia enterocolitica in suspension resulted in 
1.5 log reduction of viable cells after 30 minutes at 20°C, but a 4 log reduction was 
observed after only 3 minutes at 40°C (Virto et al., 2005). This same group reported 
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lactic acid to be much more bactericidal towards Yersinia, resulting in a 4 log reduction 
after just 5 minutes of 1% acid treatment. 
When looking at application on various produce, Bermúdez-Aguirre and Barbosa-
Cánovas (2013) reported no reduction of E. coli on lettuce or carrots treated with 1.5% 
citric acid, and only 0.7 log reduction on tomatoes after 9 minute exposure. Alvarado-
Casillas et al. (2006) reported 3 and 2 log reductions of Salmonella Typhimurium and E. 
coli O157:H7, respectively, on the surface of whole cantaloupe, and greater than 3 log 
reduction for both bacteria on the surface of bell peppers when treated with 2% lactic 
acid. Citric acid (6 g/L) treatment for five minutes was shown to reduce E. coli O157:H7 
populations by 1 log and yeast and mold counts by 1.5 log in fresh cut cilantro (Allende 
et al., 2009), and 2% lactic acid at 55°C applied to spinach resulted in 2.7 and 2.3 log 
reductions of E. coli and Salmonella, respectively (Neal et al., 2011). Sagong and group 
(2011) similarly reported 1.3-1.8 log reductions of E. coli O157:H7, Salmonella 
Typhimurium, and L. monocytogenes on lettuce when treated for five minutes with 2% 
citric or lactic acids with no significant color changes during seven day storage. These 
results were increased to as much as 4 log reductions when the acids were applied for 
30 minutes. 
Additional work by Park et al. (2011) compared a variety of organic acids on 
apples and lettuce, and found greater pathogen reductions than much of previous work 
when they treated the foods with 2% concentration of acids for a contact time of 10 
minutes. This group observed reductions of E. coli O157:H7, Salmonella Typhimurium, 
and Listeria monocytogenes as a result of propionic (1.1-2.7 log), acetic (1.4-2.8 log), 
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lactic (2.4-3.4 log), malic (2.1-3.4 log), and citric (2.3-3.4 log) acids treatments on the 
surface of apples and lettuce with no significant color changes resulting. When 
comparing organic acids to chlorine treatment, Materon (2003) demonstrated greater 
than 6 log reduction of E. coli O157:H7 on the surface of cantaloupe treated with 1.5% 
lactic acid for 1 minute at 25°C, while 200 ppm chlorine achieved only 4 log reduction in 
the same conditions. 
 
Peroxyacetic Acid 
 Peroxyacetic acid (PAA) is an effective antimicrobial approved for use in food 
(produce, eggs, and meat) processing water at a maximum concentration of 80 ppm 
(CFR, 2014), formed by the combination of hydrogen peroxide and acetic acid (Joshi et 
al., 2013). It is active against vegetative pathogens as well as spores and viruses, 
decomposes into acetic acid, water, and oxygen without the potential for production of 
harmful compounds, is unaffected by organic matter and is effective over a wide range 
of pH (5-9), does not require a post-treatment rinse, and is less affected by temperature 
than other sanitizer treatments. However, PAA comes at a higher cost, can be corrosive 
to skin, has a distinctive and pungent odor, can be corrosive in high temperatures, and 
loses effectiveness in the presence of metal compounds (Fan et al., 2009; Olmez and 
Kretzschmar, 2009; ISU 1974D, 2013). 
Bacterial destruction by PAA results from disruption of outer cell membrane 
through oxidation of proteins and lipids, as well as swelling of the cell due to electron 
imbalance leading to bursting of the cell. Direct application of PAA treatments in 
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produce wash treatments and directly on produce have shown varying degrees of 
efficacy. For example, peroxyacetic acid (80 mg/L) was shown to be twice as effective as 
chlorine (200 ppm) against E. coli in processing water, but when applied to fresh cut 
carrot, both treatments resulted in only 1.5 log reductions (Gonzalez et al., 2004).  
However, Wang et al. (2006) reported a 1.2 and 1.1 log reduction of E. coli on apples 
and cantaloupe respectively, when treated with PAA for 15 minutes, which was 
significantly higher reductions than achieved by chlorine and electrolyzed water. 
Rodgers et al. (2004) saw the least reduction of E. coli and L. monocytogenes from PAA 
in solution when compared to ozone, chlorine dioxide, and chlorine. This group also 
reported the least reduction of these pathogens on the surface of apples, lettuce, 
strawberries, and cantaloupe treated with PAA (4.4 log) in comparison to ozone and 
chlorine dioxide (5.6 logs) and chlorine (4.9 log).  
Additionally, Park and Beuchat (1999) reported 80 ppm PAA treatment on whole 
melons to result in 2.6 and 3.8 log reductions of Salmonella and E. coli O157:H7, 
respectively. Reduction of natural microflora on the fresh leeks was reported of 1.5 logs 
when treated with 250 mg/L PAA, with no sensory effects of the raw product 
(Vandekinderen et al., 2009). However, this group uniquely reported negative sensory 
attributes following cooking of the treated product. In considering fresh-cut apples, 
Abadias and group (2011) found 80 ppm PAA to reduce E. coli and Salmonella 
populations by 2 logs and maintain lower populations than the control for a 6 day 
storage, though sensory qualities were not considered in this study.  
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Quaternary Ammonium 
 Quaternary ammonium (quat) use has been limited in studies on fresh produce 
because it is approved for use on food contact surfaces but not for direct food contact, 
though it has been successfully utilized on whole produce that is peeled prior to 
consumption (FDA, 2013a). These products are minimally affected by the presence of 
organic matter, colorless and odorless, non- corrosive, stable for long periods and at 
high temperatures, and have a long shelf life. However, they are more expensive than 
traditional sanitizers such as chlorine, cannot be utilized in combination with acidic or 
detergent products without losing effectiveness, show less efficacy against gram 
negative bacteria, and treatment with this sanitizer requires a final rinse of product 
(Walker and LaGrange 1991; Bougerois et al., 1994; Parish et al., 2003).   
Quaternary ammonium is a surface-active agent, meaning that it has the ability 
to interact with the cytoplasmic membrane to disrupt the innate structure, eventually 
leading to cellular rupture. In benchtop work, Chaidez et al. (2007) observed a 6 log 
reduction of both E. coli and Staphylococcus aureus when treated with 200 mg/L 
quaternary ammonium for 2 minutes in an aqueous environment. In research looking at 
the use directly related to produce, Brown and Schubert (1987) found that a 30 second 
treatment of oranges with 500 ppm quats resulted in reductions of spoilage organisms 
as effectively as 250 ppm chlorine treatment for 2 minutes. Winniczuk (1994) also 
demonstrated that a dip in 200 ppm quaternary ammonium for 15 seconds reduced 
total microflora on the surface of oranges by 95% compared to a 60% reduction by a dip 
in water only.  
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Electrolyzed Water 
Electrolyzed water containing a small amount of sodium chloride results in an 
acidic hypochlorous acid solution that contains low amounts of free chlorine (Joshie et 
al., 2013). The use of this product has received attention for its potential as an 
antimicrobial agent and use as a sanitizer treatment. Research results have varied, as 
indicated below. 
Wang et al. (2004) reported 1.3 log reduction of total microbial counts on fresh 
cilantro when treated with acidified electrolyzed water and stored four days. However, 
tissue damage was also reported, leading to reduced sensory quality attributes such as 
aroma. Additionally, the use of acidic electrolyzed water on fresh cut Chinese celery, 
lettuce and daikon sprouts was reported to reduce natural microbial presence by 2.5 
logs, and E. coli and Salmonella by 2.8 and 2.9 logs, respectively (Issa-Zacharia et al., 
2011). Park and group (2008) reported even greater efficacy by acidified electrolyzed 
water; 4.5, 4.2, and 4.8 log reductions of E. coli, Salmonella, and L. monocytogenes, 
respectively on green onions following 1 minute treatment. This group also reported log 
reductions on similarly treated tomatoes of greater than 6, 4.3, and 5.9 logs for E. coli, 
Salmonella, and L. monocytogenes, respectively. However, Izumi (1999) was only able to 
demonstrate less than 0.5 log reductions of total microflora on the surface of whole 
carrots, bell peppers, spinach, radish, and potatoes when treated with neutral 
electrolyzed water. He also reported no changes in vegetable pH, color, or appearance.  
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Combinations 
Often when applied alone, many available produce wash sanitizers do not 
achieve a desired log reduction of natural microflora or pathogen presence. This has led 
to interest in applications of multiple sanitizers to achieve a greater reduction of 
microbial populations. Care must be taken when selecting sanitizers for a combination 
effect, as some may react with others to form harmful compounds or reduce the 
presence of active agents. When applicable sanitizers are selected for these types of 
treatments, promise has been shown to greatly improve efficacy.  
For example, the use of a solution of 1.5% lactic acid with 1.5% hydrogen 
peroxide was effectively used in eliminating E. coli O157:H7 and Salmonella on apples, 
oranges, and tomatoes without affecting sensory and quality characteristics of the 
produce (Venkitanarayanan, 2002). Additionally, multiple combination sanitizer 
treatments have been tested against spoilage and pathogenic microorganisms. Sapers et 
al. (2001) demonstrated that rinsing cantaloupe with a commercial detergent followed 
by a 5% hydrogen peroxide solution at 50°C was more effective (3 log reduction of 
natural microflora) than washing with water, surfactant solutions, chlorine dioxide, or 
commercial detergents alone, and resulted in a greater than two week shelf life. 
Materon (2003) found that cantaloupe treated with 1.5% lactic acid at 35°C resulted in a 
6.2 log reduction of E. coli O157:H7. He also reported a slight increase in reduction (6.4 
log) when lactic acid was combined with 1.5% hydrogen peroxide and even greater 
reduction (7.2 log) when combined with the surfactant Tergitol, however these 
increases were not observed when application temperatures were reduced to 25°C. 
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Chlorine (200 ppm) also saw an improvement in E. coli reduction when combined with 
Tergitol (5.0 log alone, 5.9 log in combination), and no sensory changes were observed 
following any applied treatment.  
A modification to the typical chlorine sanitizer treatment is acidified sodium 
chlorite, which is approved for use as a spray or dip wash at 500-1,200 ppm in 
combination with a GRAS (generally recognized as safe) acid to reach pH of 2.3-2.9 and 
is generally utilized as an antimicrobial application for meat and poultry products (USDA, 
2000). When utilized on produce, acidified sodium chlorite was found to result in 1.5 log 
reductions of total bacterial and yeast/mold counts on cantaloupe rinds (Fan et al., 
2009). González et al. (2004) reported a 5.25 log reduction of E. coli O157:H7 on fresh 
cut carrots treated with 1,000 ppm acidified sodium chlorite, and no negative effects on 
quality following a 14 day storage. Also on cut carrots, log reductions of 4.8 for E. coli 
and Salmonella and 2.5 for L. monocytogenes were achieved when treated for two 
minutes with 500 ppm acidified sodium chlorite (Ruiz-Cruz et al., 2007). This group 
reported no decrease in efficacy of the sanitizer when increased organic loads were 
present in the wash water, as well as bacterial inhibition of all tested pathogens for up 
to 10 days of storage at 5°C. Additionally, Inatsu et al. (2005) reported 2.5-3.1 log 
reductions of total microflora as well as E. coli, Salmonella, L. monocytogenes, and 
Staphylococcus aureus on fresh cut Chinese cabbage when exposed to acidified sodium 
chlorite for 15 minutes followed by a 7% sodium chloride solution.  
In additional studies, Ukuku and group (2005) demonstrated hydrogen peroxide 
in combination with nisin, sodium lactate, and citric acid was significantly more effective 
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at reducing E. coli, L. monocytogenes, and natural microflora from the surface of 
cantaloupe and honeydew melons (3-4 logs) than hydrogen peroxide alone. A 
combination of acidified calcium sulfate and peroxyacetic acid was found to be more 
effective for reducing yeast and mold presence on cantaloupe (1.4 log) than either 
treatment alone (0.6 and 0.9 logs, respectively). However, none of these treatments 
resulted in greater than 1 log reduction of Salmonella on the surface of the melons (Fan 
et al., 2009). 
 
Other Technologies Review 
 
UV Light 
 The use of UV light as an alternative to sanitizer-based interventions in fresh 
produce has received increased attention in the past decade. The wavelength most 
beneficial to microbial destruction is UV-C (200-280 nm) which effectively destroys 
bacteria and viruses (Worobo and Hartman, 2013). However, to effectively inactivate 
microbial populations, exposure must reach 400 J/m2 throughout the product. Research 
has analyzed the use of UV treatment of water, seafood, whole meats, fruit juices, food 
contact surfaces and soil to destroy bacteria, viruses, parasites and yeast and mold 
populations (Tamplin and Capers, 1992; Arrage et al., 1993; Wong et al., 1998; Warriner 
et al., 2009; Worobo and Hartman, 2013). In addition to the variety of pathogens 
affected by UV light, the treatment does not leave a residue on food products, does not 
affect moisture or temperature, and once implemented, is cost effective (Wong et al., 
67 
 
 
 
1998). However, UV light has poor penetrating power so efficacy against pathogens is 
restricted by proximity of generated radiation to the intended treatment as well as 
product translucency and surface variability, with greatest results seen when bacteria 
are dispersed in clear to semi-clear liquids, in the air or on the surface of smooth 
products (Wong et al., 1998; Worobo and Hartman, 2013). In addition to this, bacterial 
spores, stationary phase cells, and norovirus have been shown to have resistance to UV 
light treatments (Fino and Kniel, 2008; Warriner et al., 2009).  
 In benchtop work, Schnek and group (2011) reported 8.5 and 7.2 log reductions 
of E. coli and Listeria respectively, following an 8 minute UV-C irradiation (3.3 kJ/m2) 
treatment in peptone water. In direct produce studies, Yaun et al. (2004) reported 
variations in efficacy of UV treatment depending on produce surface structures. This 
group saw a 3.3 log reduction of E. coli O157:H7 on the surface of whole apples treated 
with 24 mW/cm2 UV-C light, but only a 2.8 log reduction on leaf lettuce. Additionally, 
reductions of yeast and mold populations were observed as well as a delay in ripening of 
tomatoes, leading to longer shelf life. Bermúdez-Aguirre and Barbosa-Cánovas (2013) 
reported similar results with a 2.8 log reduction of E. coli on tomatoes following a 60 
minute treatment (1.6 mW/ cm2) at close range, but no bacterial reduction was 
achieved on the surface of carrots or lettuce. This group also reported color changes in 
all products treated with UV-C light. Erkan et al. (2001) also reported a 3-4 log reduction 
of yeast and mold populations on fresh cut zucchini slices during storage, following a 20 
minute UV-C treatment, but the resulting product displayed increased respiration rates 
and discoloration. A more recent application of combined UV light and hydrogen 
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peroxide to generate radicals has been utilized to control human pathogens on the 
surface as well as internalized in vegetable tissues. This treatment (1.5% H2O2 at 50°C 
and UV-C of 37.8 mJ/cm2) has been reported to reduce viable Salmonella cells by 4.1 log 
on the surface of lettuce, and 2.8 logs when internalized in lettuce structure, without 
significant discoloration (Hadjok et al., 2008).  
 
Ozone  
 The use of ozone as an antimicrobial treatment in foods has been established for 
some time (Sapers, 2001), but its potential for use on fresh fruits and vegetables is 
limited. This is largely due to strong oxidizing abilities which cause physiological damage 
to produce tissues (Parish et al., 2006). Bananas treated with ozone were reported to 
develop black spots, and carrots were reported to dull in color (Liew and Prange, 1994; 
Parish et al., 2006) In addition to tissue damage, nutritional components including 
vitamins and enzymes have been reported altered by ozone oxidation (Kim et al., 2003). 
Ozone is also reactive with organic matter, causes corrosion of metals, is costly to 
implement in a processing system due to cost of generation and ventilation necessary to 
remove toxic gases, and relatively instable when compared to other antimicrobial 
agents. However, ozone does not leave a residue and is able to penetrate below tissue 
surfaces, making it a useful tool in processing water and equipment for whole produce 
products.  
 Ozone is shown to be a strong oxidizing agent, acting on lipids found in the 
cellular membrane and lipopolysaccharide layer, enzymes and genetic material within 
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the cell (Kim et al., 2003). Research has indicated ozone to effectively inactivate bacteria 
and fungi in water (Restaino et al., 1995), enteric viruses (Finch and Firbaim, 1991), and 
to a lesser and more variable extent, parasitic pathogens (Peeters et al., 1989; Korich et 
al., 1990). An extended shelf life of fruits has also been reported, attributed to oxidation 
of ethylene to slow ripening (Parish et al., 2006), as well as reduction of fungal 
contaminants on berries and grapes treated with ozone gas (Barth et al., 1995; Sarig et 
al., 1996). Rodgers and group (2004) reported ozone treatment for 15 seconds resulted 
in E. coli and L. monocytogenes reductions by 5 logs when in solution, which was the 
fastest acting sanitizer of all compared (including chlorine dioxide, chlorine, and 
peroxacetic acid). This group also observed pathogen reductions of 5.6 log when the 
treatment was applied to apples, lettuce, strawberries, and cantaloupe at 5 ppm with no 
sensory changes, however no reductions in yeast and mold populations were observed 
on the produce. In contrast, Bermúdez-Aguirre and Barbosa-Cánovas (2013) reported 
much lower reductions of 2.2 log for E. coli on the surface of tomatoes, and minimal 
(less than 1 log) reductions on carrots and lettuce even after 15 minutes. This study also 
reported color affects from treatment of lettuce. Singh et al. (2002) reported similar 
results of 1.6 and 2.5 log reductions of E. coli on lettuce and carrots, respectively, and 
Neal and group (2012) reported only 1.0 and 0.6 log reductions of Salmonella and E. coli, 
respectively on spinach when treated with 1 mg/L ozone water for 30 minutes.  
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High Pressure Processing 
 High pressure processing (HPP) is well established as one of the most effective 
non-thermal food processing techniques for reducing microbial contamination (Mújica-
Paz et al., 2011). HPP applied at 600-800 millipascal (MPa) has been shown to be highly 
effective for the complete inactivation of bacteria and viruses (Murchie et al., 2005; 
Leon et al., 2011). The use of this application has been highly effective for seafood 
where it benefits processing by opening shellfish, and has been utilized in the sauce and 
commercial juice industries for pasteurization (Murchie et al., 2005; Warriner et al., 
2009; www.evolutionfresh.com/faq/). However, it has been reported that HPP results in 
accelerated spoilage and loss of texture in produce, which has been associated with 
damage to plant tissues and stress on cells (Fuchigami et al., 1995; Butz et al., 2002). For 
these reasons, use of HPP on whole produce is minimal, though research has indicated 
the potential for enhancing texture of minimally processed vegetables through 
breakdown of pectin associated with plant cell walls (Sila et al., 2004; Warriner et al., 
2009). 
 
Irradiation 
 Irradiation is another non-chemical and non-thermal alternative for reducing 
microbial populations in foods, and is approved for use to reduce pathogenic bacteria at 
a treatment of 1-10 KGy (Parish et al., 2004). Studies have shown irradiation to 
effectively destroy bacteria on the surface as well as internalized in produce (Fan et al., 
2008; Gomes et al., 2009). Additional benefits to the use of irradiation include potential 
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to use post-packaging to eliminate possible postharvest handling contamination as well 
as reported shelf life extension of foods (Parish et al., 2004). However, irradiation 
greater than 1 kGy on fresh produce has been reported to cause changes in appearance, 
flavor, and texture of product (Zhang et al., 2006; Fan et al., 2008) and some viral and 
fungal contaminants have shown resistance to irradiation treatments (Gornila et al., 
2008; Warriner et al., 2009). Perhaps most importantly, the use of irradiation in foods 
has been poorly accepted by consumers who lack understanding and trust in the 
process and resulting products. Though consumer education about irradiation process 
and increased concerns over the safety of foods has improved this, irradiation has been 
slow to become a commonly utilized method for processing all types of foods. 
(Osterholm and Potter, 1997; Parish et al., 2004).  
 Food safety research has indicated that irradiation is highly effective against 
microbial pathogens on fruits and vegetables. Mahmoud (2010) reported on the use of 
1.0 kGy X-ray irradiation to reduce pathogens on Roma tomatoes, where he found 4-5 
log reductions of E. coli O157:H7, Salmonella enterica, L. monocytogenes, and Shigella. 
Additionally, significant reductions of natural microflora was observed during storage up 
to 20 days. On cabbage, E. coli and native microflora were reduced by more than 4 logs 
when treated with 2.3 kGy electron beam irradiation (Grasso et al., 2011). Electron 
beam irradiation (1 kGy application) was also shown to penetrate melon rind surfaces 
for effective bacterial destruction up to 0.4 cm, with reductions of Salmonella greater 
than 3 logs (Kim et al., 2010), and on fresh cut cantaloupe by 2.5 logs (Chimbombi et al., 
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2011). Shim and group (2012) reported a 2.5 log reduction of Salmonella and 
Staphylococcus aureus on lettuce when treated with 1 kGy gamma irradiation.  
 Though highly beneficial in bactericidal effects, negative effects on sensory 
characteristics of produce are reported when irradiation is applied at high doses 
required for microbial destruction, as this often also harms plant tissues. As a result of 
this, application in low doses and combined with additional antimicrobial treatments 
such as modified atmosphere packaging. Gomes et al. (2011) reported increased 
destruction of Salmonella and Listeria spp. when irradiation was combined with high 
oxygen packaging. This study observed greater than 5 log reductions in pathogens on 
spinach leaves packaged in 100% oxygen and treated with 0.7 kGy irradiation. In 
contrast to this, one study observed an increase in shelf-life of broccoli with no negative 
quality changes following 3 kGy electron beam irradiation treatment (Gomes et al., 
2008). Possible drawbacks to this process include limited irradiation facilities in the U. S. 
(less than 100 licensed to process food), and higher costs of processing food products 
(2-3 cent increase per unit produced) (U. Wisconsin, 2015).  
 
Mechanisms of Microbial Destruction by Antimicrobial Technologies 
 As shown above, a wide variety of antimicrobial intervention treatments are 
available to improve the microbial safety and shelf life of produce. These include 
chemical and non-chemical treatments, and as the composition of these treatments 
vary, it is well understood that they also utilize different mechanisms for interacting 
with microbial cells which lead to overall cellular destruction (Maillard, 2002). 
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Antimicrobial treatments can act against microorganisms by inhibition of growth, or 
causing cellular death (Maris, 1995). Those acting to kill cells are of greatest interest to 
food safety, as elimination of pathogens is the ultimate goal. Multiple sites within a cell 
may be targeted by antimicrobials, and overall damage to these sites results in cellular 
death. However, generally one site is targeted to cause irreversible damage to cellular 
metabolism that results in a cascade of failures and cellular death. This specific target 
site varies by antimicrobial treatment based on chemical and physical interactions, 
known as the mechanism of action. This is identified by studies of minimal inhibitory 
concentration (MIC) which is the lowest possible concentration of a specified sanitizer 
that results in biocidal (cell death) or biostatic (inhibition of growth) effects on the cell.  
 Understanding the mechanism of action of an antimicrobial treatment is 
important to consider in the food industry for several reasons. Several decades of 
antibiotic use in the medical industry has shown a large concern over bacterial 
resistance to antimicrobials, which has been linked to specific mechanisms utilized by 
antibiotics (Russell et al., 1998). Use of common sanitizers in the food industry as a 
produce wash or preservative also holds the potential for emergence of bacterial 
resistance (Davidson and Harrison, 2002). There is also concern in the food industry as 
newly emerging pathogens such as viral and parasitic organisms pose a large threat to 
human health, notably in the fresh produce industry. These emerging pathogens have 
shown increased resistance to commonly utilized antimicrobial treatments in 
comparison to bacterial contaminants and an understanding of cell target cites will 
allow for selection of more appropriate antimicrobial treatments. Concern over 
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interactions within a food matrix also play a part in utilizing antimicrobials. Once 
microorganisms establish contact with a food structure, cellular actions including biofilm 
formation and variations in genetic expression can change the environment and 
availability of cellular cites, which may limit the efficacy of sanitizers. These topics of 
concern as well as known target cites of antimicrobial agents are discussed below.  
 
Microorganism Structures Affecting Antimicrobial Efficacy  
Cell Type 
 Efficacy of antimicrobials against microbial contaminants varies between 
different types of microorganisms, and has even been reported to show variations 
between different strains of the same species (Russell et al., 1997). These differences 
have been attributed to composition and structures of outer membranes and cell walls, 
not necessarily to cell target cites (Maillard, 2002). In general, prions are most resistant 
to antimicrobial treatments, followed by parasites, bacterial spores, viruses, Gram 
negative bacteria, fungi, and Gram positive bacteria being the most sensitive (Russell et 
al., 1997). Additionally, stationary and persister cells have shown increased resistance to 
antimicrobials over exponential phase cells, which has been attributed to cellular 
reproduction activities and exposure of genetic material to bactericidal treatments 
(Gilbert et al., 1990a; Keren et al., 2004a, 2004b). Differences in resistance within 
bacteria types (Gram negative and positive) has been attributed to outer membrane 
structures (Nikaido and Vaara, 1985; Gilbert et al., 1990b; Trias and Benz, 1994). Gram 
negative bacteria cells are contained by an outer membrane which has been associated 
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with greater resistance to antimicrobials in comparison to Gram positive bacteria. In 
other stages, bacteria may also become surrounded by a capsule (spores) or secrete 
extracellular polysaccharides that accumulate to increase resistance, which has been 
associated with the formation of biofilms (Maillard, 2002). 
Biofilms 
 Bacterial biofilms form when planktonic cells attach to a solid surface in high 
numbers, often forming what has been recognized as “bacterial communities” that 
consist of one or multiple species. The congregation of cells becomes enclosed in a 
matrix of extracellular components including polysaccharides and environmental 
components (Mah and O’Toole, 2001). Within a biofilm, bacteria have been reported to 
show as much as 1000 times increase resistance to antimicrobials as planktonic cells 
(Gristina et al., 1987; Prosser et al., 1987; Mah and O’Toole, 2001). Increased resistance 
has been attributed to inability of antimicrobials to penetrate the biofilm (Stewart, 
1996), slowed growth resulting in increased stress tolerance of cells (Tuomanen et al., 
1986), and heterogeneity in physiological and respiratory activities leading to variations 
in resistance depending on cell location within the biofilm (Huang et al., 1995; Xu et al., 
2000). Also thought to have an effect on antimicrobial resistance in biofilms are 
variations in gene expression such as stress response (Hengge-Aronis, 1996), biofilm 
phenotypes that result in resistant cellular mechanisms (Maira-Litran et al., 2000; 
Cochran et al., 2000), and the lesser understood quorum sensing, or cell to cell 
communication mechanisms (Davies et al., 1998; Whiteley et al., 2000). 
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Attachment to Food 
 Attachment and formation of bacterial biofilms is of high concern in the food 
industry, for reasons as discussed previously. However, there is additional concern of 
biofilms in food processing equipment as resistant bacteria then pose threat for 
continuous contamination of foods passing over the biofilms (Van Houdt and Michiels, 
2010). Biofilm formation in produce has been associated with increased resistance of 
cells to antimicrobial treatments (Kim and Wei, 2012; Jahid et al., 2015). Additionally, 
microbial attachment to the surface of produce leads to concern due to the decreased 
ability of antimicrobial treatments to come into contact with bacterial cells. This may 
lead to interactions with plant rather than microbial cells, and potential for decreased 
activity of the antimicrobial treatments (Shang and Blatchley, 2001; Gomes et al., 2009). 
 
Known Antimicrobial Target Cites and Mechanisms of Destruction  
 Antimicrobials vary in chemical structures, which leads to diversity in 
mechanisms of bacterial destruction and lethality. For an antibacterial agent to take 
action against bacterial cells, it must come into direct contact with the cell surface, and 
in many cases penetrate through to reach the target site of action. If an antimicrobial 
contains hydrophilic properties and is small enough (less than 600 Da) it may easily pass 
through cellular membranes, but in the case of large molecules, disruption of the 
membranes must occur for uptake into the cell (Denyer and Stewart, 1998). It has been 
suggested that some antimicrobial compounds have specific target sites within the cell 
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(Pearce et al., 1999), while others utilize several targets and the overall damage leads to 
cell death (Maillard, 2002). Cellular target sites of antimicrobials are discussed below.  
Outer Cell Layers 
 The cytoplasmic membrane is a hydrophobic, phospholipid bilayer that protects 
the bacterial cytoplasmic components from the external environment. It is a 
semipermeable barrier that regulates transfer of metabolites and nutrients through the 
cells, and contains embedded proteins and enzymes involved with metabolism (Singer 
and Nicholson, 1972; Salton and Owen, 1976). Antibacterial agents often target the 
cytoplasmic membrane, by physical disruption leading to lysis of the cell (Pulverataft 
and Lumb, 1948), dissipation of the proton motive force (PMF), or inhibition of 
membrane-associated enzyme activity (Bellamy et al., 1993; Maillard, 2002). In the case 
of Gram negative bacteria, the cytoplasmic membrane is protected by an outer cell wall. 
It has been reported that some cationic antimicrobials damage this cell wall to facilitate 
their own uptake to target cites within the cytoplasmic membrane or interior cell 
cytoplasm (Fitzgerald et al., 1992).  
Physical Disruption of Outer Cell Structures 
In the case of both cell wall and cell membranes, antimicrobials may cause 
destruction in several ways. Cross-linking of the active agents with phospholipids and 
proteins in the membranes can lead to disruption of the phospholipid bilayer which will 
change the normal permeability, leading to prevention of ion and metabolite transfer 
across the membrane (Ikeda et al., 1983; Seiler and Russell, 1991). Disruption of the 
cytoplasmic membrane has also been shown to occur with highly surface-active 
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quaternary ammonium compounds, which irreversibly bind to phospholipids and 
proteins in the membrane, affecting the permeability and therefore passage of 
metablolites (Maris, 1995; Marriott, 1999). Non-chemical treatments such as irradiation 
and high pressure processing have also been shown to disrupt the integrity of the 
cellular membranes, leading to inability to pass metabolites or cell rupture due to loss of 
structure strength (Kniel et al., 2007; Shim et al., 2012). In other cases, disruption of the 
phospholipids and proteins in the membrane may not cause direct cell death but 
instead lead to susceptibility of the cell to additional environmental stressors. An 
example of this can be seen when low concentrations of phenol compounds are applied 
to cells. Phenol inactivates proteins located in the cell membrane, forming unstable 
complexes. These complexes become trapped in the phospholipid layers, creating holes 
that allow cellular component leakage (such as potassium ions, inorganic phosphates, 
amino acids, nucleic acids and proteins) into to the surrounding environment (Lambert 
and Hammond, 1973; Maris, 1995). This does not necessarily lead to direct cell death, 
but does have a bacteriostatic effect on cells through hindering of the metabolic or 
reproductive rates. However, if high concentrations of phenol are applied to cells, it 
overwhelms the membrane and acts against intracellular enzymes which causes 
denaturation of proteins and cell lysis. Additionally, solvents such as hypochlorous acid 
acts to degrade fatty acids into salts and glycerol, reducing the cytoplasmic membrane 
and affecting the cell’s ability to maintain structure.  
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Inhibition of Membrane-Associated Enzyme Activity 
Fast action against the cellular membrane has also been reported by oxidation of 
peptide links (thiol groups) and denaturation of proteins, leading to rapid rupture of the 
membrane and lysis of the cell (Davies et al., 1968). Strong oxidizers have also been 
shown to interfere with protein capsid structures surrounding viruses, which leads to 
release and inactivation of nucleic acids (Maris, 1995). 
Binding of divalent cations, namely Mg++ in the cellular membrane results in 
exposure of normally protected components of the phospholipid bilayer, due to changes 
in the negative charge of the lipopolysaccharide layer (Vaara, 1992). Additional binding 
of enzymes in the membrane leads to inhibition of the electron transport chain 
(essential for ATP, or cellular energy production) as well as cellular leakage through 
membrane transport channels (Frederick, 1974).  
Disruption of the Proton Motive Force (PMF) 
 Also involved with the cellular membrane, the PMF is a proton gradient between 
the cell cytoplasm and external environment, separated by the cell membrane. It is 
involved with active transport, oxidative phosphorylation, and ATP synthesis (Mitchell, 
1961; 1972). Antimicrobial disruption of the PMF is identified as accelerated movement 
of protons across the cytoplasmic membrane leading to acidification of the cytoplasm, 
and is often caused by a change in the hydrogen and/or hydroxyl ions within the 
environment through acidic or alkaline agents (Maris, 1995). This acts to denature 
cellular proteins involved in respiratory functions including uptake of amino acids and 
ATP synthesis (Gilbert et al., 1977; Broxton et al., 1984; Salmond et al., 1984).  
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Cytoplasmic Components 
 The internal cellular components surrounded by the cytoplasmic membrane 
make up the cell cytoplasm. The cytoplasm is a mix of proteins, lipids, nucleic acids, 
polysaccharides, inorganic ions, and ribosomes. The combination of these molecules are 
utilized by the cell to metabolize; synthesizing proteins and essential metabolites for 
survival, replication of genetic material for reproduction, and transport of nutrients in 
and out of the cell to maintain homeostasis. When one or more of these molecules are 
destroyed by antimicrobial treatments, the cell’s ability to perform basic life functions is 
interrupted. This will lead to cellular death, how rapid this occurs depends on the 
cellular site of attack the antimicrobial utilizes.  
Disruption of the Cell Cytoplasm 
 In addition to disruption of the PMF, acidification of the cytoplasm can lead to 
denaturation of intracellular proteins, further disrupting metabolic functions (Maris, 
1995). This is often a result of organic acid treatments, which dissociate in solution, 
leading to hydrogen accumulation in the surrounding environment. This causes a 
diffusion of ions across the membrane, cytoplasmic acidification, and denaturation of 
metabolic enzymes (Lamber and Stratford, 1999; Alakomi et al., 2000). Coagulation of 
the cytosol preventing cellular metabolism has also been reported with antimicrobials 
used at high concentrations (Daltrey and Hugo, 1974; Fitzgerald et al., 1989). Hydrogen 
peroxide causes disruption of the osmotic pressure within a cell by diffusion of 
hydroxide ions across the cell membrane, leading to pressure build-up intracellular, and 
eventually cell rupture (ISU 1974D, 2013).  
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Prevention of Genetic and Essential Cell Component Replication 
Once active agents gain access into the cell, action has been reported against 
several target sites. Inhibition of DNA, RNA, protein, and peptidoglycan synthesis may 
occur (Kadohama and McCarter, 1971; Collier et al., 1990). This is a result of interactions 
with proteins, enzymes, and genetic material. Oxidation of thiol groups in proteins 
essential for enzyme activity has been reported (Russell and Hugo, 1994; Liau et al., 
1997), as well as interaction with amino and hydroxyl groups on nucleic acids to form 
chloramines that interfere with cellular metabolism (Hoffman, 1971; Adams et al., 1981; 
Estrela et al., 2002). Some antimicrobials have been identified as competitors for active 
sites in DNA which blocks DNA and slows RNA and protein synthesis (Gittelson and 
Walker, 1967; Seligman and Mandel, 1971). UV light radiation crosses the cell 
membrane to act on DNA structures as well, resulting in mutations and inability to 
replicate genetic material (Shechmeister, 1983; Worobo and Hartman, 2013). 
Additionally, damage to ribosomes has been reported, preventing translation of 
messenger RNA (Miall and Walker, 1966), as well as inhibition of enzymes vital for 
glycolysis, fatty acid and phospholipid synthesis.  
 
Antimicrobial Mechanisms for Application in the Food Industry 
It is well established that a wide array of mechanisms are employed by antimicrobials to 
destroy microbial cells that depend on the chemical composition and structures of these 
technologies. As these mechanisms have become known, studies looking at the specific 
chemical compounds utilized to preserve foods have determined effective mechanisms 
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and techniques to employ these antimicrobials in food processing. Mechanisms of 
bactericidal actions are well known for many of the commonly utilized sanitizers in the 
food industry, though less is known on the impact that food matrixes have on these 
mechanisms.  
 An understanding of the mechanism of action antimicrobial agents utilize is 
important for optimization of effectiveness and prevention of residual pathogenic 
contaminants on food. Interactions between microorganisms and commonly utilized 
chemical treatments and technologies in the food industry have been established, 
though limited work has looked at interactions that may occur when the antimicrobials 
are applied on plant-derived foods such as produce. 
 
 
 
 
 
 
 
 
 
 
 
 
83 
 
 
 
References 
 
Abadias, M., I. Alegre, J. Usall, R. Torres, and I. Viñas. (2011). Evaluation of alternative 
sanitizers to chlorine disinfection for reducing foodborne pathogens in fresh-cut apple. 
Postharvest Bio. Tech. 59(3): 289-297. 
 
Adams, R .L. P., R. H. Burdon, A. M. Campbell, D. P. Leader, and R. M. S. Smellie. (1981). 
The biochemistry of nucleic acids, 9th edn. London: Chapman & Hall. 
 
Agricultural Marketing Resource Center. (2006). Commodity Profile: Melons. Accessed 
October 2014. Available at: http://aic.ucdavis.edu/profiles/Melons-2006.pdf. 
 
Agricultural Marketing Resource Center. (2014). Melon Profile. Accessed June 2014. 
Available at: http://www.agmrc.org/commodities__products/vegetables/melon-
profile/. 
 
Akins, E. D., M. A. Harrison, and W. Hurst. (2008). Washing practices on the microflora 
on Georgia-grown cantaloupes. J. Food Prot. 71(1): 46-51.  
 
Alakomi, H. L., E. Skyttä, M. Saarela, T. Mattila-Sandholm, K. Latva-Kala, and I. M. 
Helander. (2000). Lactic acid permeabilizes gram-negative bacteria by disrupting the 
outer membrane. Appl. Environ. Microbio. 66(5): 2001-2005. 
 
Alexandre, E., T. R. Brandão, and C. L. Silva. (2012a). Efficacy of non-thermal 
technologies and sanitizer solutions on microbial load reduction and quality retention of 
strawberries. J. Food Eng. 108(3): 417-426. 
 
Alexandre, E., T. R. Brandão, and C. L. Silva. (2012b). Assessment of the impact of 
hydrogen peroxide solutions on microbial loads and quality factors of red bell peppers, 
strawberries and watercress. Food Control. 27(2): 362-368. 
 
Allende, A., J. McEvoy, Y. Tao, and Y. Luo. (2009). Antimicrobial effect of acidified 
sodium chlorite, sodium chlorite, sodium hypochlorite, and citric acid on Escherichia coli 
O157:H7 and natural microflora of fresh-cut cilantro. Food Control. 20: 230-234. 
 
Alvarado-Casillas, S., S. Ibarra-Sánchez, O. Rodriguez-Garcia, N. Martinez-Gonzales, and 
A. Castillo. (2007). Comparison of rinsing and sanitizing procedures for reducing 
bacterial pathogens on fresh cantaloupes and bell peppers. J. Food Prot. 70(3): 655-660. 
 
Arrage, A. A., T. J. Phelps, R. E. Benoit, and D. C. White. (1993). Survival of subsurface 
microorganisms exposed to UV radiation and hydrogen peroxide. Appl. Environ. 
Microbio. 59(11): 3545-3550. 
 
84 
 
 
 
Artés-Hernández, F., P. A. Robles, P. A. Gómez, A. Tomás-Callejas, and F. Artés (2010). 
Low UV-C illumination for keeping overall quality of fresh-cut watermelon. Postharvest 
Bio. Tech. 55(2): 114-120. 
 
Arthur, T. M., G. A. Barkocy-Gallagher, M. Rivera-Betancourt, and M. Koohmaraie. 
(2002). Prevalence and characterization of non-O157 Shiga toxin-producing Escherichia 
coli on carcasses in commercial beef cattle processing plants. Appl. Environ. Microbiol. 
68: 4847-4852. 
 
Bai, J. H., Saftner, R. A., Watada, A. E., & Lee, Y. S. (2001). Modified atmosphere 
maintains quality of fresh‐cut cantaloupe (Cucumis melo L.). J. Food Sci. 66(8): 1207-
1211. 
 
Barth, M. M., C. Zhou, M. Mercier, and F. A. Payne. (1995). Ozone storage effects on 
anthocyanin content and fungal growth in blackberries. J. Food Sci. 60: 1286-7. 
 
Barth, M., T. R. Hankinson, H. Zhuang, and F. Breidt. (2010). Microbiological spoilage of 
fruits and vegetables. Compendium Microbio. Spoilage Foods Bev. pp. 135-183. Springer 
New York. 
 
Beaulieu, J. C., Ingram, D. A., Lea, J. M., & Bett‐Garber, K. L. (2004). Effect of harvest 
maturity on the sensory characteristics of fresh‐cut cantaloupe. J. Food Sci. 69(7): 250-
258. 
 
Beecher, C. (2013). Farmers market vendors, managers get up to speed on food safety 
ABCs. Accessed December 2014. Available at: 
http://www.foodsafetynews.com/2013/04/farmers-market-vendors-managers-get-up-
to-speed-on-food-safety-abcs/#.VIEvwVgtCpo. 
 
Beers, A. (2000). Outbreak at Milwaukee Sizzler provides lessons to industry. Food 
Chem. News Il.: 4-5. 
 
Behrsing, J., J. Jaeger, F. Horlock, N. Kita, P. Franz, and R. Premier. (2003). Survival of 
Listeria innocua, Salmonella salford and Escherichia coli on the surface of fruit with 
inedible skins. Postharvest Bio. Tech., 29(3): 249-256. 
 
Bellamy, W. R., H. Wakabayashi, M. Takase, K. Kawase, S. Shimamura, and M. Tomita. 
(1993). Role of cell-binding in the antibacterial mechanism of lactoferricin B. J. Appl. 
Bacteriol. 75: 478-484. 
 
Bermúdez-Aguirre, D., and G. V. Barbosa-Cánovas. (2013). Disinfection of selected 
vegetables under nonthermal treatments: chlorine, acid citric, ultraviolet light and 
ozone. Food Control, 29(1): 82-90.  
 
85 
 
 
 
Bettelheim, K. A. (2003). Non-O157 Verotoxin-producing Escherichia coli: a problem, 
paradox, and paradigm. Exp. Bio. Med. 228: 333-344. 
 
Beuchat, L. R. (1996). Pathogenic microorganisms associated with fresh produce. J. Food 
Prot. 59(2): 204-216. 
 
Beuchat, L. R., L. J. Harris, T. E. Ward, and T. M. Kajs. (2001). Development of a proposed 
standard method for assessing the efficacy of fresh produce sanitizers. J. Food Prot. 
64(8): 1103-1109. 
 
Beuchat, L. R. (2002). Ecological factors influencing survival and growth of human 
pathogens on raw fruits and vegetables. Microbes and Infection, 4(4): 413-423. 
 
Bibb, W. F., B. Schwartz, B. G. Gellin, B. D. Plikaytis, and R. E. Weaver. (1989). Analysis of 
Listeria monocytogenes by multilocus enzyme electrophoresis and application of the 
method to epidemiologic investigations. Int. J. Food Microbiol. 8: 233-239. 
 
Brackett, R. E. 1987. Microbiological consequences of minimally processed fruits and 
vegetables. J. Food Qual. 10: 195–206. 
 
Brenner, F. W., R. G. Villar, F. J. Angulo, R. Tauxe, and B. Swaminathan. (2000). 
Salmonella nomenclature. J. Clinical Micro. 38(7): 2465-2467. 
 
Brooks, J. T., E. G. Sowers, J. G. Wells, K. D. Greene, P. M. Griffin, R. M. Hoekstra, and N. 
A. Strockbine. (2005). Non-O157 Shiga toxin-producing Escherichia coli infections in the 
United States, 1983-2002. J. Infect. Dis. 192: 1422-1429. 
 
Brown, G. E., and T. S. Schubert. (1987). Use of Xanthamonas campestris pv. vesicatoria 
to evaluate surface disinfectants for canker quarantine treatment of citrus fruit. Plant 
Dis. 4: 319-23. 
 
Broxton, P., P. M. Woodcock, and P. Gilbert. (1984). Injury and recovery of Escherichia 
coli ATCC 8739 from treatment with some polyhexamethylene biguanides. Microbios 40: 
187–193. 
 
Burnett, S. L., and L. R. Beuchat. (2000). Human pathogens associated with raw produce 
and unpasteurized juices, and difficulties in decontamination. J. Industrial Micro. 
Biotech. 25(6): 281-287. 
 
Butz, P., R. Edenharder, A. Fernandez Garcia, H. Fister, C. Merkel, and B. Tauscher. 
(2002). Changes in functional properties of vegetables induced by high pressure 
treatment. Food Res. Int. 35: 295-300. 
 
86 
 
 
 
Caprioli, A., S. Morabito, H. Brugére, and E. Oswald. (2005). Enterohaemorrhagic 
Escherichia coli: emerging issues on virulence and modes of transmission. Vet. Res. 36: 
289-311. 
 
Cartaxo, C. B., S. A. Sargent, and D. J. Huber. (1997). Controlled atmosphere storage 
suppresses microbial growth of fresh-cut watermelon. Proc. Fla. State Hortic. Soc. 110: 
252-257. 
 
Centers for Disease Control and Prevention. (1997). Hepatitis A associated with 
consumption of frozen strawberries – Michigan, March 1997. MMWR 46, 288. 
 
Centers for Disease Control and Prevention. (1998). Multistate outbreaks of listeriosis—
United States. MMWR 47: 1085–1086. 
 
Centers for Disease Control and Prevention. (2002). Multistate outbreaks of Salmonella 
serotype Poona infections associated with eating cantaloupe from Mexico – United 
States and Canada, 200-2002. MMWR 51: 1044-1047.  
 
Center for Disease Control and Prevention. (2010). Multistate outbreak of human 
Salmonella Enteritidis infections associated with shell eggs (final update). Accessed April 
2015. Available at: http://www.cdc.gov/salmonella/enteritidis/. 
 
Center for Disease Control and Prevention. (2011). Investigation of outbreak of 
infections caused by Salmonella Saintpaul. Accessed December 2014. Available at: 
http://www.cdc.gov/salmonella/saintpaul/jalapeno/. 
 
Centers for Disease Control and Prevention. (2012a). Foodborne outbreak online 
database (FOOD). Accessed June 2014. Available at: 
http://wwwn.cdc.gov/foodborneoutbreaks/Default.aspx. 
 
Center for Disease Control and Prevention. (2012b). Multistate outbreak of Listeriosis 
linked to whole cantaloupes from Jensen Farms, Colorado. Accessed October 2014. 
Available at: http://www.cdc.gov/listeria/outbreaks/cantaloupes-jensen-
farms/082712/. 
 
Center for Disease Control and Prevention. (2013a). Cyclosporiasis outbreak 
investigations- United States, 2013 (final update). Accessed December 2014. Available 
at: http://www.cdc.gov/parasites/cyclosporiasis/outbreaks/investigation-2013.html. 
 
Center for Disease Control and Prevention. (2013b). Multistate outbreak of Salmonella 
Typhimurium and Salmonella Newport infections linked to cantaloupe (final update). 
Accessed October 2014. Available at: http://www.cdc.gov/salmonella/typhimurium-
cantaloupe-08-12/. 
 
87 
 
 
 
Center for Disease Control and Prevention (2013c). Listeria (Listeriosis). Accessed 
December 2014. Available at: http://www.cdc.gov/listeria/definition.html#one. 
 
Centers for Disease Control and Prevention. (2014). List of selected multistate 
foodborne outbreak investigations. Available at: 
http://www.cdc.gov/foodsafety/outbreaks/multistate-outbreaks/outbreaks-list.html. 
 
Center for Disease Control and Prevention. (2014b). Multiple-serotype Salmonella 
outbreaks in two state prisons- Arkansas, August 2012. MMWR. 63(08): 169-173. 
 
Center for Science in the Public Interest (CSPI). (2012). Outbreak Alert! 1998-2008. 
Accessed October 2014. Available at: 
http://www.cspinet.org/foodsafety/PDFs/Outbreak_Alert_1999-2008.pdf.  
 
Chaidez, C., J. Lopez, and N. Castro-del Campo. (2007). Quaternary ammonium 
compounds: an alternative disinfection method for fresh produce wash water. J. Water 
Health. 5(2): 329-333. 
 
Chen Z., and X. Jiang. (2014). Microbiological safety of chicken litter or chicken litter-
based organic fertilizers: a review. Agriculture 4: 1–29. 
 
Chimbombi, E., R. Moreira, J. Kim, and E. Castell-Perez. (2011). Prediction of targeted 
Salmonella enterica serovar Typhimurium inactivation in fresh cut cantaloupe (Cucumis 
melo L.) using electron beam irradiation. J. Food Eng. 103: 409-416. 
 
Chung, C. C., T. C. Huang, C. H. Yu, F. Y Shen, and H. H. Chen. (2011). Bactericidal effects 
of fresh-cut vegetables and fruits after subsequent washing with chlorine dioxide. In 
proceedings of International Conference on Food Engineering and Biotechnology (ICFEB 
2011). 
 
Cleary, T. G. (1992). Escherichia coli that cause hemolytic uremic syndrome. Infect. Dis. 
Clin. N. Am. 6: 163-176.  
 
Clemson Cooperative Extension, J. Williamson. (2014). Cucumber, Squash, Melon & 
other cucurbit diseases. HGIC 2207.  
 
Cochran, W. L., G. A. McFeters, and P. S. Stewart. (2000). Reduced susceptibility of thin 
Pseudomonas aeruginosa biofilms to hydrogen peroxide and monochloramine. J. Appl. 
Microbio. 88(1): 22-30. 
 
Code of Federal Regulations. (2012). Substances utilized to control the growth of 
microorganisms. Title 21(3): 178.  
 
88 
 
 
 
Code of Federal Regulations. (2014). Chemicals used in washing or to assist in the 
peeling of fruits and vegetables. Title 21(3): 173.  
 
Codex Alimentarius Commission, committee on food hygiene. (2011). Proposed draft 
annex on melons to the code of hygienic practice for fresh fruits and vegetables 
(CAC/RCP 53-2003). Accessed December 2014. Available at: http://www.cantaloupe-
guidance.org/sites/default/files/docs/Draft%20Codex%20Melon%20Annex.pdf.  
 
Colburn, K. G., C. A. Kaysner, C. Abeyta, Jr., and M. M Wekell. (1990). Listeria species in a 
California coast estuarine environment. Appl. Environ. Microbiol. 56: 2007-2011. 
 
Collier, P. J., A. J. Ramsey, P. Austin, and P. Gilbert. (1990). Growth inhibition and 
biocidal activity of some isothiazolone biocides. J. Appl. Bacteriology 69: 569–577. 
 
Costilow, R. N., M. A. Uebersax, and P. J. Ward. (1984). Use of chlorine dioxide for 
controlling microorganisms during the handling and storage of fresh cucumbers. J. Food 
Sci. 49(2): 396-401. 
 
Cutter, C. N., and G. R. Siragusa. (1994). Efficacy of organic acids against Escherichia coli 
O157: H7 attached to beef carcass tissue using a pilot scale model carcass washer. J. 
Food Prot. 57(2): 97-103. 
 
Daltrey, D. L. and W. B. Hugo. (1974). Studies on the mode of action and the 
antibacterial agent chlorhexidine on Clostridium perfringens 2. Effect of chlorhexidine 
on metabolism and the cell membrane. Microbios 11: 131–146. 
 
Danyluk, M. D., R. McEgan, A. N. Turner, and K. R. Schneider. (2014). Outbreaks of 
foodborne illness associated with melons. University of Florida, IFAS Extension, FSHN14-
11.  
 
Davidson, P. M., and M. A. Harrison. (2002). Resistance and adaptation to food 
antimicrobials, sanitizers, and other process controls. Food Tech. Champ. Chicago. 
56(11): 69-78. 
 
Davidson, P.M., F.J. Critzer, and T.M. Taylor. (2013). Naturally occurring antimicrobials 
for minimally processed foods. Ann. Rev. Food Sci. Technol. 4: 9.1-9.28. 
 
Davies, A., M. Bentley, and B. S. Field. (1968). Comparison of the action of vantocil, 
cetrimide and chlorhexidine on Escherichia coli and its spheroplasts and the protoplasts 
of Gram-positive bacteria. J. Appl. Bacteriology 31: 448–461. 
 
Davies, D. G., M. R. Parsek, J. P. Pearson, B. H. Iglewski, J. W. Costerton, and E. P. 
Greenberg. (1998). The involvement of cell-to-cell signals in the development of a 
bacterial biofilm. Science, 280(5361): 295-298. 
89 
 
 
 
 
Del Rosario, B. A., and L. R. Beuchat. (1994). Survival and growth of Enterohemorrhagic 
Escherichia coli O157:H7 in cantaloupe and watermelon. J. Food Prot. 58(1): 105-107. 
 
Denyer, S. P., and G. S. A. B. Stewart. (1998). Mechanisms of action of disinfectants. 
Intern. Biodeterior. Biodegrad. 41(3): 261-268. 
 
Doganis, P., A. Alexandridis, P. Patrinos, and H. Sarimveis. (2006). Time series sales 
forecasting for short shelf-life food products based on artificial neural networks and 
evolutionary computing. J. Food Eng. 75(2): 196-204. 
 
Doyle, M. P., and M. C. Erickson. (2008). Summer meeting 2007–the problems with fresh 
produce: an overview. J. Appl. Microbio. 105(2): 317-330. 
 
Erickson, M. C. (2012). Internalization of fresh produce by foodborne pathogens. Annual 
Rev. Food Sci. Tech. 3: 283-310. 
 
Erkan, M., C. Y. Wang, and D. T. Krizek. (2001). UV-C irradiation reduces microbial 
populations and deterioration in Cucurbita pepo fruit tissue. Environ. Experim. Bot. 
45(1): 1-9. 
 
Estrela, C., C. R. Estrela, E. L. Barbin, J. C. E. Spanó, M. A. Marchesan, and J. D. Pécora. 
(2002). Mechanism of action of sodium hypochlorite. Brazilian Dental J. 13(2): 113-117. 
 
European Commission. (2007). Agricultural commodity markets past developments: 
fruits and vegetables. Directorate-general for agriculture and rural development. 
Accessed December 2014. Available at: 
http://ec.europa.eu/agriculture/analysis/tradepol/worldmarkets/fruitveg/072007_en.p
df. 
 
Evolution Fresh. (2014). Frequently asked questions. Accessed December 2014. 
Available at: http://www.evolutionfresh.com/faq/. 
 
Fan, X., B. A. Niemira, and A. Prakash. (2008). Irradiation of fresh fruits and vegetables. 
Food Techn. 62: 36-43. 
 
Fan, X., B. A. Annous, L. A. Keskinen, and J. P. Mattheis. (2009). Use of chemical 
sanitizers to reduce microbial populations and maintain quality of whole and fresh-cut 
cantaloupe. J. Food Prot. 72(12): 2453-2460. 
 
Farber, J. M. and P. I. Peterkin. (1991). Listeria monocytogenes, a food-borne pathogen. 
Microbiological Rev., 55(3): 476. 
 
90 
 
 
 
Federal Register. (1997). FIFRA scientific advisory meeting; open meeting. July 14. Fed. 
Regist. 62: 37584. 
 
Finch, G. R., and N. Fairbairn. (1991). Comparative inactivation of poliovirus type 3 and 
MS2 coliphage in demand-free phosphate buffer by using ozone. Appl. Environ. 
Microbiol. 57(11): 3121-6. 
 
Fino, V. R., and K.E. Kniel. (2008). UV light inactivation of hepatitis A virus, Aichi virus, 
and feline calicivirus on strawberries, green onions, and lettuce. J. Food Prot. 71: 908–
913. 
 
Fitzgerald, K. A., A. Davies, and A. D. Russell. (1989). Uptake of 14C-chlorhexidine 
diacetate to Escherichia coli and Pseudomonas aeruginosa and its reversal by azolectin. 
FEMS Microbiol. Lett. 60: 327–332. 
 
Fitzgerald, K. A., A. Davies, and A. D. Russell. (1992). Effect of chlorhexidine and 
phenoxyethanol on cell surface hydrophobicity of Gram-positive and Gram-negative 
bacteria. Lett. Appl. Microbiol. 14: 91-95. 
 
Fonseca, J. M., J. W. Rushing, and R. F. Testin. (2004). The anaerobic compensation point 
for fresh-cut watermelon and implications for postprocess handling. Hort. Sci. 39(3): 
562-566. 
 
Fonseca, J. M., and J. W. Rushing. (2006). Effect of ultraviolet-C light on quality and 
microbial population of fresh-cut watermelon. Postharvest Biology and Tech. 40(3): 256-
261. 
 
Food and Drug Administration, Food Code (1993). 1993 recommendations of the United 
States Public Health Service, Food and Drug Administration. Pub. no. PB94-11394. 
Washington: National Technical Information Service. 
 
Food and Drug Administration. (2003). Quantitative assessment of relative risk to public 
health from foodborne Listeria monocytogenes among selected categories of ready-to-
eat foods. Accessed December 2014. Available at: 
http://www.fda.gov/downloads/food/scienceresearch/researchareas/riskassessmentsaf
etyassessment/ucm197330.pdf. 
 
Food and Drug Administration. (2013a). National commodity-specific food safety 
guidelines for cantaloupes and netted melons. Accessed October 2014. Available at: 
http://www.fda.gov/downloads/Food/GuidanceRegulation/GuidanceDocumentsRegulat
oryInformation/ProducePlantProducts/UCM365219.pdf. 
 
91 
 
 
 
Food and Drug Administration, Department of Health and Human Services. (2013b). 
Standards for the growing, harvesting, packing, and holding of produce for human 
consumption; proposed rule. Code of Federal Regulations 21: parts 16 and 112. 
 
Food and Drug Administration, Department of Health and Human Services. (2014). 
Background on the FDA Food Safety Modernization Act (FSMA). Accessed December 
2014. Available at: 
http://www.fda.gov/Food/GuidanceRegulation/FSMA/ucm239907.htm. 
 
Food Safety Inspection Service, U. S. Department of Agriculture. (1999). FSIS Policy on 
Non-intact Raw Beef Products Contaminated with E. coli O157:H7. Accessed December 
2014. Available at: http://www.fsis.usda.gov/OA/background/O157policy.htm. 
 
Fouladkhah, A., and J. S. Avens. (2010). Effects of combined heat and acetic acid on 
natural microflora reduction on cantaloupe melons. J. Food Prot. 73(5): 981-984.  
 
Frank, C., D. Werber, J. P. Cramer, M. Askar, M. Faber, M. Heiden, H. Bernard, A. Fruth, 
R. Prager, A. Spode, M. Wadl, A. Zoufaly, S. Jordan, M. J. Kemper, P. Follin, L. Muller, L. 
A. King, B. Rosner, U. Bucholz, K. Stark, and G. Krause. (2011). Epidemic profile of Shiga-
toxin producing Escherichia coli O104:H4 outbreak in Germany. N. Engl. J. Med. 365: 
1771-1780. 
 
Frederick, J. J., T. R. Corner, and P. Gerhardt. (1974). Antimicrobial action of 
hexachlorophene: inhibition of respiration in Bacillus megaterium. Antimicrobial Agents 
Chemother. 6: 712–721. 
 
Fuchigami, M., K. Miyazaki, and N. Hyacumoto. (1995). Frozen carrots texture and pectic 
components as affected by low-temperature-blanching and quick freezing. J. Food Sci. 
60: 132-136. 
 
Gellin, B. G. and C. V. Broome. 1989. Listeriosis. J. American Medical Assoc. 261: 1313-
1320. 
 
Gilbert, P., E. G. Beveridge, and B. P. Crone. (1977). The lethal action of 2-
phenoxyethanol and its analogues upon Escherichia coli ATCC 5933. Microbios 19: 125–
141. 
 
Gilbert, P., P. J. Collier, and M. R. Brown. (1990a). Influence of growth rate on 
susceptibility to antimicrobial agents: biofilms, cell cycle, dormancy, and stringent 
response. Antimicrob. Agents Chemother. 34(10): 1865-1868. 
 
Gilbert, P., D. Pemberton, and D. E. Wilkinson. (1990b). Barrier properties of the Gram‐
negative cell envelope towards high molecular weight polyhexamethylene biguanides. J. 
Appl. Bacteriol. 69(4): 585-592. 
92 
 
 
 
 
Gittelson, B. L. and I. O. Walker. (1967). The interaction of proflavine with 
deoxyribonucleic acid and deoxyribonucleohistone. Biochemica Biophysica Acta 138: 
619–621. 
 
Gomes, C., P. Da Silva, E. Chimbombi, J. Kim, E. Castell-Perez, and R. G. Moreira. (2008). 
Electron-beam irradiation of fresh broccoli heads (Brassica oleracea L. italica). LWT Food 
Sci. Technol. 41: 1828-1833. 
 
Gomes, C., P. Da Silva, R. G. Moreira, E. Castell-Perez, E. A. Ellis, and M. Pendleton. 
(2009). Understanding E. coli internalization in lettuce leaves for optimization of 
irradiation treatment. Int. J. Food Microbiol. 135: 238-247. 
 
Gomes, C., R. G. Moreira, and E. Castell-Perez. (2011). Radiosensitization of Salmonella 
spp. and Listeria spp. in ready-to-eat baby spinach leaves. J. Food Sci. 76: E141-E148. 
 
Gonzalez, R. J., Y. Luo, S. Ruiz-Cruz, and A. L. Cevoy. (2004). Efficacy of sanitizers to 
inactivate Escherichia coli O157: H7 on fresh-cut carrot shreds under simulated process 
water conditions. J. Food Prot. 67(11): 2375-2380. 
 
Gornila, M., J. J. Solis, Z. David, C. Ramon, and J. Lalucat. (2008). Comparative reductions 
of bacterial indicators, bacteriophage-infecting enteric bacteria and enteroviruses in 
wastewater tertiary treatments by lagooning and UV-radiation. Water Sci. Techn. 58: 
2223-2233. 
 
Grasso, E. M., R. M. Uribe-Rendon, and K. Lee. (2011). Inactivation of Escherichia coli 
inoculated onto fresh-cut chopped cabbage using electron-beam processing. J. Food 
Prot. 74: 115-118. 
 
Gray, M. L., and A. H. Killinger. (1966). Listeria monocytogenes and listeric infections. 
Bacteriological Rev. 30(2): 309-382. 
 
Gristina, A. G., C. D. Hobgood, L. X. Webb, and Q. N. Myrvik. (1987). Adhesive 
colonization of biomaterials and antibiotic resistance. Biomaterials, 8(6): 423-426. 
 
Guan, W., L. Huang, and X. Fan. (2010). Acids in combination with sodium dodecyl 
sulfate caused quality deterioration of fresh‐cut iceberg lettuce during storage in 
modified atmosphere package. J. Food Sci. 75(8): S435-S440. 
 
Gyles, C. L. (2007). Shiga toxin-producing Escherichia coli: an overview. J. Anim. Sci. 85 
(E. Suppl.): E45-E62.  
 
93 
 
 
 
Haase, J. K., X. Didelot, M. Lecuit, H. Korkeala, and M. Achtman. (2014). The ubiquitous 
nature of Listeria monocytogenes clones: a large‐scale Multilocus Sequence Typing 
study. Environ. Micro. 16(2): 405-416. 
 
Hadjok, C., G. S. Mittal, and K. Warriner. (2008). Inactivation of human pathogens and 
spoilage bacteria on the surface and internalized within fresh produce by using a 
combination of ultraviolet light and hydrogen peroxide. J. Appl. Microbio. 104(4): 1014-
1024. 
 
Harris, L. J., J. N. Farber, L. R. Beuchat, M. E. Parish, T. V. Suslow, E. H Garrett, and F. F. 
Busta. (2003). Outbreaks associated with fresh produce: incidence, growth and survival 
of pathogens in fresh and fresh-cut produce. Comp. Rev. Food Sci. Food Safety 2: 78-141. 
 
Hendriksen, R. S., A. R. Vieira, S. Karlsmose, D. M. Lo Fo Wong, A. B. Jensen, H. C. 
Wegener, and F. M. Aarestrup. (2011). Global monitoring of Salmonella serovar 
distribution from the World Health Organization Global Foodborne Infections Network 
Country Data Bank: results of quality assured laboratories from 2001 to 2007. 
Foodborne Path. Dis. 8(8): 887-900. 
 
Hengge-Aronis, R. E. G. I. N. E. (1996). Regulation of gene expression during entry into 
stationary phase. Escherichia coli and Salmonella: cellular and molecular biology, 2nd ed. 
ASM Press, Washington, DC, 1497-1512. 
 
Hoffman, R .K. (1971). Toxic gases. In Inhibition and Destruction of the Microbial Cell ed. 
Hugo, W.B. 225–258. London: Academic Press. 
 
Hofmann, C., J. Dennis, A. S. Gilliam, and S. Vargas. (2007). Food safety regulations for 
farmers’ markets. Purdue extension # EC-740.  
 
Hofmann, A., D. Fischer, A. Hartmann, and M. Schmid. (2014). Colonization of plants by 
human pathogenic bacteria in the course of organic vegetable production. Frontiers 
Microbio. 5: 191. 
 
Holch, A., K. Webb, O. Lukjancenko, D. Ussery, B. M. Rosenthal, and L. Gram. (2013). 
Genome sequencing identifies two nearly unchanged strains of persistent Listeria 
monocytogenes isolated at two different fish processing plants sampled 6 years apart. 
App. Environ. Micro. 79(9): 2944-2951. 
 
Huang, C. T., F. P. Yu, G. A. McFeters, and P. S. Stewart. (1995). Nonuniform spatial 
patterns of respiratory activity within biofilms during disinfection. App. Environ. 
Microbio. 61(6): 2252-2256. 
 
94 
 
 
 
Hutchison M., L. Walters, S. Avery, F. Munro, and A. Moore. (2005). Analyses of livestock 
production, waste storage, and pathogen levels and prevalences in farm manures. Appl. 
Environ. Microbiol. 71: 1231–1236.  
 
Ikeda, T., S. Tazuke, and M. Watanabe. (1983). Interaction of biologically active 
molecules with phospholipid membranes. I. Fluorescence depolarization studies on the 
effect of polymeric biocide bearing biguanide groups in the main chain. Biochemica 
Biophysica Acta 735: 380–386. 
 
Inatsu, Y., Y. Maeda, M. L. Bari, S. Kawasaki, and S. Kawamoto. (2005). Prewashing with 
acidified sodium chlorite reduces pathogenic bacteria in lightly fermented Chinese 
cabbage. J. Food Prot. 68(5): 999-1004. 
 
Iowa State University Extension and Outreach; Shaw, A., Strohbehn, C., and Meyer, J. 
(2013). Guide to using liquid sanitizer washes with fruits and vegetables. PM 1974D. 
Available at: https://store.extension.iastate.edu/Product/Guide-to-Liquid-Sanitizer-
Washes-with-Fruit-and-Vegetables. 
 
Islam, M., J. Morgan, M. P. Doyle, S. C. Phatak, P. Millner, and X. Jiang. (2004). Fate of 
Salmonella enterica serovar Typhimurium on carrots and radishes grown in fields 
treated with contaminated manure composts or irrigation water. Appl. Environ. Micro. 
70(4): 2497-2502. 
 
Issa-Zacharia, A., Y. Kamitani, N. Miwa, H. Muhimbula, and K. Iwasaki. (2011). 
Application of slightly acidic electrolyzed water as a potential non-thermal food sanitizer 
for decontamination of fresh ready-to-eat vegetables and sprouts. Food Control, 22(3): 
601-607. 
 
Izumi, H. (1999). Electrolyzed water as a disinfectant for fresh‐cut vegetables. J. Food 
Sci. 64(3): 536-539. 
 
Jackson, B. R., P. M. Griffin, D. Cole, K. A. Walsh, and S. J. Chai. (2013). Outbreak-
associated Salmonella enterica serotypes and food commodities, United States, 1998–
2008. Emerg. Infect. Dis. 19(8): 1239-1244. 
 
Jahid, I. K., N. Han, C. Y. Zhang, and S. D. Ha. (2015). Mixed culture biofilms of 
Salmonella Typhimurium and cultivable indigenous microorganisms on lettuce show 
enhanced resistance of their sessile cells to cold oxygen plasma. Food Microbio. 46: 383-
394. 
 
Jay, J. M., M. J. Loessner, D. A. Golden. (2005). Modern Food Microbiology. Print. 
Springer Media, Inc. New York, NY.  
 
95 
 
 
 
Jensen, A. N., A. Dalsgaard, A. Stockmarr, E. M. Nielsen, and D. L. Baggesen. (2006). 
Survival and transmission of Salmonella enterica serovar Typhimurium in an outdoor 
organic pig farming environment. Appl. Environ. Micro. 72(3): 1833-1842. 
 
Johnson, R. P., R. C. Clarke, J. B. Wilson, S. C. Read, K. Rahn, S. A. Renwick, K. A. Sandu, 
D. Alves, M. A. Karmali, H. Lior, S. A. Mcewen, J. S. Spika, and C. L. Gyles. (1996). 
Growing concerns and recent outbreaks involving non-O157:H7 serotypes of 
Verotoxigenic Escherichia coli. J. Food Prot. 59: 1112-1122. 
 
Johnston, L. M., Jaykus, L. A., Moll, D., Anciso, J., Mora, B., and Moe, C. L. (2006). A field 
study of the microbiological quality of fresh produce of domestic and Mexican origin. 
Int. J. Food Micro. 112(2): 83-95. 
 
Jones, L. A., R. W. Worobo, and C. D. Smart. (2013). Humand and plant pathogens in 
surface irrigation water. 58th New Jersey Agricultural Convention and Trade Show. 114. 
 
Joshi, K., R. Mahendran, K. Alagusundaram, T. Norton, and B. K. Tiwari. (2013). Novel 
disinfectants for fresh produce. Trends in Food Sci. and Tech. 34: 54-61. 
 
Kadohama, N. and J. A. McCarter. (1971). Inhibition of DNA polymerase of E. coli by 
proflavine. Canadian J. Biochemistry 50: 901–908. 
 
Kathariou, S. (2002). Listeria monocytogenes virulence and pathogenicity, a food safety 
perspective. J. Food Prot. (11): 1811-1829. 
 
Keren, I., N. Kaldalu, A. Spoering, Y. Wang, and K. Lewis. (2004a). Persister cells and 
tolerance to antimicrobials. FEMS Microbiol. Letters. 230(1): 13-18. 
 
Keren, I., D. Shah, A. Spoering, N. Kaldalu, and K. Lewis. (2004b). Specialized persister 
cells and the mechanism of multidrug tolerance in Escherichia coli. J. Bacteriol. 186(24): 
8172-8180. 
 
Kim, J. G., A. E. Yousef, and M. A. Khadre. (2003). Ozone and its current and future 
application in the food industry. Adv. Food Nutr. Res. 45: 167-218. 
 
Kim, J., R. Moreira, and E. Castell-Perez. (2010). Simulation of pathogen inactivation in 
whole and fresh-cut cantaloupe (Cucumis melo) using electron beam treatment. J. Food 
Eng. 97: 425-433. 
 
Kim, S. H., and C. I. Wei. (2012). Biofilms. Decontamination of Fresh and Minimally 
Processed Produce, 59-75. 
 
Knabel, S. J., A. Reimer, B. Verghese, M. Lok, J. Ziegler, J.  Farber, F. Pagotto, M. Grahm, 
C. A. Nadon, and M. W. Gilmour. (2012). Sequence typing confirms that a predominant 
96 
 
 
 
Listeria monocytogenes clone caused human listeriosis cases and outbreaks in Canada 
from 1988–2010. J. Clin. Microbiol. 50: 1748–1751. 
 
Kniel, K. E., A. E. Shearer, J. L. Cascarino, G. C. Wilkins, and M. C. Jenkins. (2007). High 
hydrostatic pressure and UV light treatment of produce contaminated with Eimeria 
acervulina as a Cyclospora cayetanensis surrogate. J. Food Prot. 70: 2837–2842. 
 
Korich, D. G., J. R. Mead, M. S. Madore, N. A. Sinclair, and C. R. Sterling. (1990). Effects of 
ozone, chlorine dioxide, chlorine, and monochloramine on Cryptosporidium parvum 
oocyst viability. Appl. Environ. Microbiol. 56(5): 1423-8. 
 
Kuss, S. K., G. T. Best, C. A. Etheredge, A. J. Pruijssers, J. M. Frierson, L. V. Hooper and J. 
K. Pfeiffer. (2011). Intestinal microbiota promote enteric virus replication and systemic 
pathogenesis. Science, 334(6053): 249-252. 
 
Labuza, T. P. and W. M. Breene. (1989). Applications of “active packaging” for 
improvement of shelf life and nutritional quality of fresh and extended shelf life foods. J. 
Food Process. Preserv. 13: 1–69. 
 
Lamber, R. J., and M. Stratford. (1999). Weak-acid preservatives: modelling microbial 
inhibition and response. J. Appl. Microbiol. 86: 157-164. 
 
Leon, J. S., D. H. Kingsley, J. S. Montes, G. P. Richards, G. M. Lyon, G. M. Abdulhafid, and 
S. R. Seitz.  (2011). Randomized, double-blinded clinical trial for human norovirus 
inactivation in oysters by high hydrostatic pressure processing. App. Environ. Microbio. 
77(15): 5476-5482. 
 
Liau, S. Y., D. C. Read, W. J. Pugh, J. R. Furr, and A. D. Russell. (1997). Interaction of silver 
nitrate with readily identifiable groups: relationship to the antibacterial action of silver 
ions. Lett. Appl. Microbio. 25: 279–283. 
 
Liew, C. L., and R. K. Prange. (1994). Effect of ozone and storage temperature on 
postharvest diseases and physiology of carrots (Caucus carota L.). J. Am. Soc. Hortic. Sci. 
119: 563-7. 
 
Lin C. M., S. S. Moon, M. P. Doyle, and K. H. McWatters. (2002). Inactivation of 
Escherichia coli O157:H7, Salmonella enterica serotype Enteritidis, and Listeria 
monocytogenes on lettuce by hydrogen peroxide and lactic acid and by hydrogen 
peroxide with mild heat. J. Food Prot. 65: 1215-20.  
 
Liu, Dongyou. (2010). Molecular detection of foodborne pathogens. Florida: Taylor & 
Francis Group, LLC, Print.  
 
97 
 
 
 
Mah, T. F. C., and G. A. O'Toole. (2001). Mechanisms of biofilm resistance to 
antimicrobial agents. Trends Microbio. 9(1): 34-39. 
 
Mahmoud, B. S. M., N. A. Vaidya, C. M. Corvalan, and R. H. Linton. (2008). Inactivation 
kinetics of inoculated Escherichia coli O157: H7, Listeria monocytogenes and Salmonella 
Poona on whole cantaloupe by chlorine dioxide gas. Food Micro. 25(7): 857-865. 
 
Mahmoud, B. S. M. (2010). Effects of X-ray radiation on Escherichia coli O157:H7, 
Listeria monocytogenes, Salmonella enterica and Shigella flexneri inoculated on 
shredded iceberg lettuce. Food Microbiol. 27: 109-114. 
 
Maillard, J. Y. (2002). Bacterial target sites for biocide action. J. Appl. Microbio. 92(s1): 
16S-27S. 
 
Maira-Litran, T., D. G. Allison, and P. Gilbert. (2000). An evaluation of the potential of 
the multiple antibiotic resistance operon (mar) and the multidrug efflux pump acrAB to 
moderate resistance towards ciprofloxacin in Escherichia coli biofilms. J. Antimicr. 
Chemother. 45(6): 789-795. 
 
Mao, L., J. Jeong, F. Que, and D. J. Huber. (2006). Physiological properties of fresh-cut 
watermelon (Citrullus lanatus) in response to 1-methylcyclopropene and post-
processing calcium application. J. Sci. Food Agric. 86: 46-53. 
 
Maris, P. (1995). Modes of action of disinfectants. Rev. Sci. Tech. Off. Int. Epiz. 14(1): 47-
55. 
 
Marriott, N. G. (1999). Principles of food sanitation, 4th ed. Gaithersburg (MD): Aspen, 
147-149. 
 
Martinez, S. (2010). Local food systems; concepts, impacts, and issues (No. 97). DIANE 
Publishing. 
 
Materon, L. A. (2003). Survival of Escherichia coli O157: H7 applied to cantaloupes and 
the effectiveness of chlorinated water and lactic acid as disinfectants. World J. Microbio. 
Biotech. 19(8): 867-873. 
 
Mead, P. S., L. Slutsker, V. Dietz, L. F. McCaig, J. S. Bresee, C. Shapiro, P. M. Griffin, and 
R. V. Tauxe. (1999). Food-related illness and death in the United States. Emerg. Infect. 
Dis. 5: 607-625. 
 
Mezrioui, N., B. Baleux, and M. Troussellier. (1995). A microcosm study of the survival of 
Escherichia coli and Salmonella typhimurium in brackish water. Water Research, 29(2): 
459-465. 
 
98 
 
 
 
Miall, S. H. and I. O. Walker. (1966). Structural studies on ribosomes I. The binding of 
proflavine to Escherichia coli ribosomes. Biochemica Biophysica Acta 145: 82–95. 
 
Miko, A., Pries, K., Haby, S., Steege, K., Albrecht, N., Krause, G., & Beutin, L. (2009). 
Assessment of Shiga toxin-producing Escherichia coli isolates from wildlife meat as 
potential pathogens for humans. Appl. Environ. Microbiol. 75(20): 6462-6470. 
 
Mitchell, P. (1961). Coupling of phosphorylation to electron and hydrogen transfer by 
chemiosmotic type of mechanism. Nature, London 191: 144–148. 
 
Mitchell, P. (1972). Chemiosmotic coupling in energy transduction: a logical 
development of biochemical knowledge. J. Bioenergetics 3: 5–24. 
 
Monaghn, A., B. Byrne, S. Fanning, T. Sweeney, D. McDowell, and D. J. Bolton. (2011). 
Serotypes and virulence profiles of non-O157 Shiga toxin-producing Escherichia coli 
isolates from bovine farms. Appl. Environ. Microbiol. 77: 8662-8668.  
 
Mújica-Paz, H., A. Valdez-Fragoso, C. T. Samson, J. Welti-Chanes, and J. A. Torres. (2011). 
High-pressure processing technologies for the pasteurization and sterilization of foods. 
Food and Bioprocess Tech. 4(6): 969-985. 
 
Murchie, L. W., M. Cruz-Romero, J. P. Kerry, M. Linton, M. F. Patterson, M. Smiddy, and 
A. L. Kelly. (2005). High pressure processing of shellfish: a review of microbiological and 
other quality aspects. Innov. Food Sci. Emerg. Techn. 6(3): 257-270. 
 
Neal, J. A., M. Marquez-Gonzalez, E. Cabrera-Diaz, L. M. Lucia, C. A. O'Bryan, P. G. 
Crandall, S. C. Ricke, and A. Castillo. (2012). Comparison of multiple chemical sanitizers 
for reducing Salmonella and Escherichia coli O157: H7 on spinach (Spinacia oleracea) 
leaves. Food Res. Int. 45(2): 1123-1128. 
 
Nehal, S., M. El-Mougy, M. Abdel-Kader, and S. M. Lashin. (2014). Fungicide alternatives 
for controlling cantaloupe root rot incidence under plastic houses conditions. Int. J. 
Engin. Innov. Techn. 3(9): 319-323. 
 
Nikaido, H., and M. Vaara. (1985). Molecular basis of bacterial outer membrane 
permeability. Microbiological Rev. 49(1): 1. 
 
Nwachcuku, N., and C. P. Gerba. (2004). Emerging waterborne pathogens: can we kill 
them all? Current Opinion Biotech. 15(3): 175-180.  
 
O'Connor‐Shaw, R. E., R. Roberts, A. L. Ford, and S. M. Nottingham. (1994). Shelf life of 
minimally processed honeydew, kiwifruit, papaya, pineapple and cantaloupe. J. Food Sci. 
59(6): 1202-1206. 
 
99 
 
 
 
Olaimat, A. N., and Holley, R. A. (2012). Factors influencing the microbial safety of fresh 
produce: a review. Food Microbiol. 32(1): 1-19. 
 
Oliveira, M., J. Usall, I. Viñas, C. Solsona, and M. Abadias. (2011). Transfer of Listeria 
innocua from contaminated compost and irrigation water to lettuce leaves. Food Micro. 
28(3): 590-596. 
 
Olmez, H., and U. Kretzschmar. (2009). Potential alternative disinfection methods for 
organic fresh-cut industry for minimizing water consumption and environmental impact. 
LWT e Food Sci. Tech. 42(3): 686-693. 
 
Osterholm, M. T., and M. E. Potter. (1997). Irradiation pasteurization of solid foods: 
taking food safety to the next level. Emerg. Infectious Dis. 3(4): 575-577. 
 
Pachepsky, Y., D. R. Shelton, J. E. McLain, J. Patel, and R. E. Mandrell. (2011). Irrigation 
waters as a source of pathogenic microorganisms in produce: a review. Adv. Agron. 113: 
73-138. 
 
Painter, J. A., R. M. Hoekstra, T. Ayers, R. V. Tauxe, C. R. Braden, F. J. Angulo, and P. M. 
Griffin. (2013). Attribution of foodborne illnesses, hospitalizations, and deaths to food 
commodities by using outbreak data, United States, 1998–2008. Emerg. Infect. Dis. 
19(3): 407–415.  
 
Pardo, I. E., R. Gomez, J. Tardaguila, M. Amo, and R. Varon. (1997). Quality evaluation of 
watermelon varieties (Citrullus vulgaris S.). J. Food Quality 20(6): 547-557. 
 
Parish, M. E., L. R. Beuchat, T. V. Suslow, L. J. Harris, E. H. Garrett, J. N. Farber, and F. F. 
Busta. (2003). Methods to reduce/eliminate pathogens from fresh and fresh‐cut 
produce. Comp. Rev. Food Sci. Food Safety. 2(s1): 161-173.  
 
Park, C. M., and L. R. Beuchat. (1999). Evaluation of sanitizers for killing Escherichia coli 
O157:H7, Salmonella and naturally occurring microorganisms on cantaloupes, 
honeydew melons, and asparagus. Dairy Food Environ. Sanit. 19: 842-7. 
 
Park, E. J., E. Alexander, G. A. Taylor, R. Costa, and D. H. Kang. (2008). Fate of foodborne 
pathogens on green onions and tomatoes by electrolysed water. Letters Appl. Microbio. 
46(5): 519-525. 
 
Park, S. H., M. R. Choi, J. W. Park, K. H. Park, M. S. Chung, and S. Ryu. (2011). Use of 
organic acids to inactivate Escherichia coli O157:H7, Salmonella Typhimurium, and 
Listeria monocytogenes on organic fresh apples and lettuce. J. Food Sci. 76(6): M293-
M298. 
 
100 
 
 
 
Pearce, H., S. Messager, and J. Y. Maillard. (1999). Effect of biocides commonly used in 
the hospital environment on the transfer of antibiotic-resistance genes in 
Staphylococcus aureus. J. Hospital Infection 43: 101–107. 
 
Peeters, J. E., E. Ares Mazas, W. J. Masschelein, I. Villacorta Martinez de Maturana, and 
E. Debacker. (1989). Effect of disinfection of drinking water with ozone or chlorine 
dioxide on survival of Cryposporidium parvum oocysts. Appl. Environ. Microbiol. 55(6): 
1519-22. 
 
Phillips, C. A. (1996). Review: modified atmosphere packaging and its effects on the 
microbiological quality and safety of produce. Int. J. Food Sci. Tech. 31(6): 463-479. 
 
Piffaretti, J. C., H. Kressbuch, M. Aeschbacher, J. Bille, E. Bannerman, J. M. Musser, R. K. 
Selander, and J. Rocourt. (1989). Genetic characterization of clones of the bacterium 
Listeria monocytogenes causing epidemic disease. Proc. Natl. Acad. Sci. USA 86: 3818-
3822. 
 
Possé, B., L. DeZutter, M. Heyndrickx, and L. Herman. (2008). Novel differential and 
confirmation plating media for Shiga toxin-producing Escherichia coli serotypes O26, 
O103, O111, O145, and sorbitol-positive and negative O157. FEMS Microbiol. Lett. 282: 
124-131. 
 
Prosser, B. L., D. Taylor, B. A. Dix, and R. Cleeland. (1987). Method of evaluating effects 
of antibiotics on bacterial biofilm. Antimicr. Agents Chemother. 31(10): 1502-1506. 
 
Pruimboom-Brees, I. M., T. W. Morgan, M. R. Ackermann, E. D. Nystrom, J. E. Samuel, N. 
A. Cornick, and H. W. Moon. (2000). Cattle lack vascular receptors for Escherichia coli 
O157:H7 Shiga toxins. Natl. Acad. Sci. 97: 10325–10329.   
 
Pulvertaft, R. J. V. and G. D. Lumb. (1948). Bacterial lysis and antiseptics. J. of Hygiene, 
Cambridge. 46: 62-64. 
 
Restaino, L., E. W. Frampton, J. B. Hemphill, and P. Palnikar. (1995). Efficacy of ozonated 
water against against various food-related microorganisms. Appl. Environ. Microbiol. 
61(9): 3471-5. 
 
Richards, G. M., and L. R. Beuchat. (2004). Attachment of Salmonella Poona to 
cantaloupe rind and stem scar tissues as affected by temperature of fruit and inoculum. 
J. Food Prot. 67(7): 1359-1364. 
 
Richards, G. M., and L. R. Beuchat. (2005a). Infection of cantaloupe rind with 
Cladosporium cladosporioides and Penicillium expansum, and associated migration of 
Salmonella Poona into edible tissues. Int. J. Food Micro. 15: 1-10. 
 
101 
 
 
 
Richards, G. M. and L. R. Beuchat (2005b). Metabiotic associations of molds and 
Salmonella Poona on intact and wounded cantaloupe rind. Int. J. of Food Microbiol. 97: 
327–339. 
 
Ridenour, G., and R. Ingols. (1947). Bactericidal properties of chlorine dioxide. J. Am. 
Water Works Assoc. 39(6): 561-567. 
 
Rodgers, S. L., J. N. Cash, M. Siddiq, and E. T. Ryser, E. T. (2004). A comparison of 
different chemical sanitizers for inactivating Escherichia coli O157: H7 and Listeria 
monocytogenes in solution and on apples, lettuce, strawberries, and cantaloupe. J. Food 
Prot. 67(4): 721-731. 
 
Ruiz-Cruz, S., E. Acedo-Félix, M. Díaz-Cinco, M. A. Islas-Osuna, and G. A. González-
Aguilar. (2007). Efficacy of sanitizers in reducing Escherichia coli O157: H7, Salmonella 
spp. and Listeria monocytogenes populations on fresh-cut carrots. Food Control, 18(11): 
1383-1390. 
 
Rushing, J. W., J. M. Fonesca, and A. P. Keinath. (2001). Harvesting and postharvest 
handling. D. N. Maynard (Ed.). Watermelons Handbook, Am. Soc. Hortic. Sci. Press, 
Alexandria, VA, USA. Pp. 156-164. 
 
Russell, A. D. and W. B. Hugo. (1994). Antimicrobial activity and action of silver. Progress 
in Medical Chemistry 3: 351–371. 
 
Russell, A. D., J. R. Furr, and J. Y. Maillard. (1997). Microbial susceptibility and resistance 
to biocides: an understanding. ASM News. 63: 481-487. 
 
Russell, A. D., U. Tattawasart, J. Y. Maillard, and J. R. Furr. (1998). Possible link between 
bacterial resistance and use of antibiotics and biocides. Antimicro. Agents Chemother. 
42(8): 2151-2151. 
 
SafeOx. Chlorine Dioxide. Accessed February 2015. Available at: 
www.safeox.com/chlorine-dioxide-clo2. 
 
Saftner, R., Y. Luo, J. McEvoy, J. A. Abbott, and B. Vinyard. (2007). Quality characteristics 
of fresh-cut watermelon slices from non-treated and 1-methylcyclopropene-and/or 
ethylene-treated whole fruit. Postharvest Bio. Tech. 44(1): 71-79. 
 
Sagong, H. G., S. Y. Lee, P. S. Chang, S. Heu, S. Ryu, and Y. J. Choi. (2011). Combined 
effect of ultrasound and organic acids to reduce Escherichia coli O157:H7, Salmonella 
Typhimurium and Listeria monocytogenes on organic fresh lettuce. Int. J. Food Microbio. 
145: 287-292. 
 
102 
 
 
 
Salmond, C. V., R. G. Kroll, and I. R. Booth (1984). The effect of food preservatives on pH 
homeostasis in Escherichia coli. J. Gen. Microbio. 130: 2845–2850. 
 
Salton, M. R. J., and P. Owen. (1976). Bacterial membrane structures. Annual Rev. 
Microbiology. 30: 451-482. 
 
Sapers, G. M. (2001). Efficacy of washing and sanitizing methods for disinfection of fresh 
fruit and vegetable products. Food Tech. Biotech. 39(4): 305-312. 
 
Sapers, G. M., R. L. Miller, V. Pilizota, and A. M. Mattrazzo. (2001). Antimicrobial 
treatments for minimally processed cantaloupe melon. J. Food Sci. 66(2): 345-349. 
 
Sapers, G. M., and J. E. Sites. (2003). Efficacy of 1% hydrogen peroxide wash in 
decontaminating apples and cantaloupe melons. J. Food Sci. 68(5): 1793-1797.  
 
Sarig, P., T. Zahavi, Y. Zutkhi, S. Yannai, N. Lisker, and R. Ben-Arie. (1996). Ozone for 
control of postharvest decay of table grapes caused by Rhizopus stolonifer. Physiol. Mol. 
Plant Pathol. 48: 403-15. 
 
Sauders, B. D., J. Overdevest, E. Fortes, K. Windham, Y. Schukken, A. Lembo, A., and M. 
Wiedmann. (2012). Diversity of Listeria species in urban and natural environments. App. 
Environ. Micro. AEM-00282. 
 
Scallan, E., P. M. Griffin, F. J. Angulo, R. V. Tauxe, and R. M. Hoekstra. (2011). Foodborne 
illness acquired in the United States—unspecified agents. Emerging Infect. Dis. 17(1): 
16-22. 
 
Scheinberg, J., S. Doores, and C. N. Cutter. (2013). A microbiological comparison of 
poultry products obtained from farmers' markets and supermarkets in Pennsylvania. J. 
Food Safety, 33(3): 259-264. 
 
Schenk, M., S. Raffellini, S. Guerrero, G. A. Blanco, and S. M. Alzamora. (2011). 
Inactivation of Escherichia coli, Listeria innocua and Saccharomyces cerevisiae by UV-C 
light: Study of cell injury by flow cytometry. LWT-Food Sci. Techn. 44(1): 191-198. 
 
Seiler, D .A. L. and N. J. Russell. (1991). Ethanol as food preservative. In Food 
Preservatives ed. Russell, N.J. and Gould, G.W. pp. 153-171. 
 
Seligman, M. L. and H. G. Mandel. (1971). Inhibition of growth and RNA biosynthesis of 
Bacillus cereus by quinacrine. J. Gen.l Microbio. 68: 135–148. 
 
Sharma, H., & R. Mutharasan. (2013). hly A gene-based sensitive detection of Listeria 
monocytogenes using a novel cantilever sensor. Analy. Chem. 85(6): 3222-3228. 
 
103 
 
 
 
Shang, C., and E. R. Blatchley III. (2001). Chlorination of pure bacterial cultures in 
aqueous solution. Water Research, 35(1): 244-254.  
 
Shaw, A., A. Svoboda, B. Jie, A. Daraba, and G. Nonnecke. (2014). Influence of 
contaminated workers’ hands on the transfer rate of Escherichia coli O157:H7 during 
harvesting of strawberries. Hort. Tech. In Review. 
 
Shechmeister, I. L. (1983). Sterilization by ultraviolet irradiation. Desinfection, 
Sterilization, Preservation, 3rd edn. Philadelphia, Lea and Febiger. pp. 553-560.   
 
Shere J. A., K. J.Bartlett, and C. W. Kaspar. (1998). Longitudinal study of Escherichia coli 
O157:H7 dissemination on four dairy farms in Wisconsin. Environ. Microbiol. 64: 1390–
1399. 
 
Shewfelt, R.L. 1987. Quality of minimally processed fruits and vegetables. J.Food Qual. 
10: 143–156. 
 
Shim, W. B., G. S. Je, K. Kim, A. B. Mtenga, W. G. Lee, J. U. Song, D. H. Chung, and Y. 
Yoon. (2012). Effect of irradiation on kinetic behavior of Salmonella Typhimurium and 
Staphylococcus aureus in lettuce and damage of bacterial cell envelope. Radiat. Phys. 
Chem. 81(5): 566-571. 
 
Sila, D., C. Smout, S. Vu, and M. Hendrickx. (2004). Effects of high-pressure pretreatment 
and calcium soaking on the texture degradation kinetics of carrots during thermal 
processing. J. Food Sci. 69: E205-211. 
 
Singer, S. J., and G. L. Nicholson. (1972). The fluid mosaic model of the structure of cell 
membranes. Science. 175: 720-731. 
 
Singh, N., R. K. Singh, A. K. Bhunia, and R. L. Stroshine. (2002). Efficacy of chlorine 
dioxide, ozone, and thyme essential oil or a sequential washing in killing Escherichia coli 
O157: H7 on lettuce and baby carrots. LWT-Food Sci. Tech., 35(8): 720-729. 
 
Stewart, P. S. (1996). Theoretical aspects of antibiotic diffusion into microbial biofilms. 
Antimicrob. Agents Chemother. 40: 2517-2522.  
 
Su, C., and L. J. Brandt. (1995). Escherichia coli O157:H7 infection in humans. Ann. 
Intern. Med. 123: 698-714. 
 
Swiader, J. M., G. W. Ware, and J. P. McCollum. (1992), Producing vegetable crops (No. 
Ed. 4). Interstate Printers and Publishers Inc.  
 
Sy, K. V., M. B. Murray, M. D. Harrison, and L. R. Beuchat. (2005). Evaluation of gaseous 
chlorine dioxide as a sanitizer for killing Salmonella, Escherichia coli O157: H7, Listeria 
104 
 
 
 
monocytogenes, and yeasts and molds on fresh and fresh-cut produce. J. Food Prot. 
68(6): 1176-1187. 
 
Tabe, E. S., J. Oloya, D. K. Doetkott, M. L. Bauer, P. S. Gibbs, and M. L. Khaitsa. (2008). 
Comparative effect of direct-fed microbials on fecal shedding of Escherichia coli O157: 
H7 and Salmonella in naturally infected feedlot cattle. J. Food Prot. 71(3): 539-544. 
 
Tamplin, M. L., and G. M. Capers. (1992). Persistence of Vibrio vulnificus in tissues of 
Gulf Coast oysters, Crassostrea virginica, exposed to seawater disinfected with UV light. 
Appl. Environ. Microbio. 58(5): 1506-1510. 
 
Todd, E. C. D., and S. Notermans. (2011). Surveillance of listeriosis and its causative 
pathogen Listeria monocytogenes. Food Control. 22(9): 1484-1490. 
 
Trias, J., and R. Benz. (1994). Permeability of the cell wall of Mycobacterium smegmatis. 
Molec. Microbio. 14(2): 283-290. 
 
Tuomanen, E., D. T. Durack, and A. Tomasz. (1986). Antibiotic tolerance among clinical 
isolates of bacteria. Antimicr. Agents Chemother. 30(4): 521-527. 
 
Turner, E. J. (1983). Hydrogen peroxide and other oxidant disinfectants. In Disinfection, 
Sterilization and Preservation. (3rd edn). Ed. Block, S.S. pp. 240–250. Philadelphia: Lea 
and Febiger. 
 
Tuttle, J., T. Gomez, M. P. Doyle, J. G. Wells, T. Zhao, R. V. Tauxe, and P. M. Griffin. 
(1999). Lessons from a large outbreak of Escherichia coli O157:H7 infections: insights 
into the infectious dose and method of widespread contamination of hamburger 
patties. Epidem. Infect. 122(2): 185-192. 
 
UC Davis. (2013). Recommendations for Maintaining Postharvest Quality. Division of 
Agriculture and Natural Resources, University of California. Accessed December 2014. 
Available at: http://postharvest.ucdavis.edu/producefacts. 
 
Ukuku, D. O., and G. M. Sapers. (2001). Effect of sanitizer treatments on Salmonella 
Stanley attached to the surface of cantaloupe and cell transfer to fresh-cut tissues 
during cutting practices. J. Food Prot. 64(9): 1286-1291. 
 
Ukuku, D. O., V. Pilizota, and G. M. Sapers. (2001). Influence of washing treatment on 
native microflora and Escherichia coli population of inoculated cantaloupes. J. Food 
Safety. 21(1): 31-47. 
 
Ukuku, D. O., and W. F. Fett. (2002). Effectiveness of chlorine and nisin-EDTA treatments 
of whole melons and fresh-cut pieces for reducing native microflora and extending 
shelf-life. J. Food Safety 22(4): 231-253. 
105 
 
 
 
 
Ukuku, D. O. (2004). Effect of hydrogen peroxide treatment on microbial quality and 
appearance of whole and fresh-cut melons contaminated with Salmonella spp. Intern. J. 
Food Micro. 95(2): 137-146.  
 
Ukuku, D. O., M. L. Bari, M. L. S. Kawamoto, and K. Isshiki. (2005). Use of hydrogen 
peroxide in combination with nisin, sodium lactate and citric acid for reducing transfer 
of bacterial pathogens from whole melon surfaces to fresh-cut pieces. Int. J. Food 
Microbio. 104(2): 225-233.  
 
Ukuku, D. O. (2006). Effect of sanitizing treatments on removal of bacteria from 
cantaloupe surface, and re-contamination with Salmonella. Food Microbio. 23(3): 289-
293. 
 
United Fresh. (2014). Produce GAPs harmonization initiative. Accessed December 2014. 
Available at: http://www.unitedfresh.org/newsviews/gap_harmonization. 
 
United States Department of Agriculture. (2013). National count of farmers markets 
directory listing graph: 1994-2013. Accessed October 2014. Available at: 
http://www.ams.usda.gov/AMSv1.0/ams.fetchTemplateData.do?template=TemplateS&
leftNav=WholesaleandFarmersMarkets&page=WFMFarmersMarketGrowth&description
=Farmers+Market+Growth%5D.  
 
United States Department of Agriculture, Economic Research Service. (2012a). Food 
consumption. Accessed November 2014. Available at: 
http://www.ers.usda.gov/topics/food-choices-health/food-consumption-demand/food-
consumption.aspx. 
 
United States Department of Agriculture, Economic Research Service. (2012b). Lettuce 
profile. Accessed January 2015. Available at: 
http://www.agmrc.org/commodities__products/vegetables/lettuce-profile/.  
 
United States Department of Agriculture, Economic Research Service. (2014). U. S. food 
imports. Accessed December 2014. Available at: http://www.ers.usda.gov/data-
products/us-food-imports.aspx#25418.  
 
United States Department of Agriculture Food Safety Inspection Service (USDA-FSIS). 
(2013). Ground beef and food safety. Accessed April 2015. Available at: 
http://www.fsis.usda.gov/wps/portal/fsis/topics/food-safety-education/get-
answers/food-safety-fact-sheets/meat-preparation/ground-beef-and-food-
safety/CT_Index. 
 
United States Department of Agriculture Food Safety Inspection Service (USDA-FSIS), 
Office of Policy and Program Development, Office of Public Health Science. (2011). 
106 
 
 
 
DRAFT risk profile for pathogenic non-O157 Shiga toxin-producing Escherichia coli (non-
O157 STEC).  
 
United States Department of Agriculture, National Agriculture Statistics Service. (2007). 
Table 44: Selected Practices. Accessed June 2014. Available at: 
http://www.agcensus.usda.gov/Publications/2007/Full_Report/Volume_1,_Chapter_2_
US_State_Level/st99_2_044_044.pdf. 
 
United States Department of Agriculture, National Ag Statistics Service. (2014). 
Vegetables annual summary. Accessed December 2014. Available at: 
http://usda.mannlib.cornell.edu/usda/nass/VegeSumm//2010s/2014/VegeSumm-03-
27-2014.pdf. 
 
United States Department of Agriculture, Office of the Federal Register, Code of Federal 
Regulations 21 CFR 173.325. (2000). Acidified sodium chlorite solutions. Accessed 
December 2014. Available at: http://cfr.vlex.com/vid/173-325-acidified-chlorite-
solutions-19706225. 
 
University of Wisconsin. (2015). UW Food Irradiation Education Group. Accessed April 
2015. Available at: http://uw-food-irradiation.engr.wisc.edu. 
 
Utah State University; Brain, R. (2012). The local food movement: definitions, benefits 
and resources. Accessed June 2014. Available at: 
https://extension.usu.edu/files/publications/publication/sustainability_2012-09pr.pdf. 
 
Valderrama, W. B., and C. N. Cutter. (2013). An ecological perspective of Listeria 
monocytogenes biofilms in food processing facilities. Crit. Rev. Food Sci. Nut. 53(8): 801-
817. 
 
Vallad, G. E. (2009). Cantaloupe: Cucumis melo L.: The integrated use of biopesticides 
with conventional fungicides to control powdery mildew on cantaloupe, spring 2009. 
Univ. Florida, IFAS. Accessed December 2014. Available at: 
http://gcrec.ifas.ufl.edu/docs/pdf/research/vallad-reports/2009/integrated-use-of-
biopesticides-with-conventional-fungicide-to-control-powdery-mildew-on-cantaloupe-
spring-2009-2ndtrial.pdf. 
 
Vandekinderen, I., J. Van Camp, F. Devlieghere, P. Ragaert, K. Veramme, N. Bernaert, Q. 
Denon, and B. De Meulenaer. (2009). Evaluation of the use of decontamination agents 
during fresh-cut leek processing and quantification of their effect on its total quality by 
means of a multidisciplinary approach. Innovative Food Sci. and Emerg. Tech. 10(3): 363-
373. 
 
Van Houdt, R., and C. W. Michiels. (2010). Biofilm formation and the food industry, a 
focus on the bacterial outer surface. J. Appl. Microbio. 109(4): 1117-1131. 
107 
 
 
 
 
Venkitanarayanan, K. S., C. M. Lin, H. Bailey, and M. P. Doyle. (2002). Inactivation of 
Escherichia coli O157:H7, Salmonella Enteritidis, and Listeria monocytogenes on apples, 
oranges, and tomatoes by lactic acid with hydrogen peroxide. J. Food Prot. 65: 100–105. 
 
Virto, R., D. Sanz, I. Álvarez, I. Condón, and J. Raso. (2005). Inactivation kinetics of 
Yersinia enterocolitica by citric and lactic acid at different concentrations. Int. J. Food 
Microbio. 103: 251-257. 
 
Wacheck, S., Fredriksson-Ahomaa, M., König, M., Stolle, A., & Stephan, R. (2010). Wild 
boars as an important reservoir for foodborne pathogens. Foodborne Path. Dis. 7(3): 
307-312. 
 
Walker, H. W., and W. S. LaGrange. (1991). Sanitation in food manufacturing operations. 
In: Block SE, editor. Disinfection, sterilization, and preservation. 4th ed. Philadelphia 
(PA): Lea & Febiger. 
 
Wang, H., H. Feng, and Y. Luo. (2004). Microbial reduction and storage quality of fresh-
cut cilantro washed with acidic electrolyzed water and aqueous ozone. Food Res. Int. 
37(10): 949-956. 
 
Wang, H. U. A., H. A. O. Feng, and Y. Luo. (2006). Dual-phasic inactivation of Escherichia 
coli O157:H7 with peroxyacetic acid, acidic electrolyzed water and chlorine on 
cantaloupes and fresh-cut apples. J. Food Safety. 26(4): 335-347.  
 
Wang, H., H. Feng, W. Liang, Y. Luo, and V. Malyarchuk. (2009). Effect of surface 
roughness on retention and removal of Escherichia coli O157: H7 on surfaces of selected 
fruits. J. Food Sci. 74(1): E8-E15. 
 
Warriner, K., A. Huber, A. Namvar, W. Fan, and K. Dunfield. (2009). Recent advances in 
the microbial safety of fresh fruits and vegetables. Adv. Food Nutrit. Res. 57: 155-208. 
 
Wells, S. J., P. J. Fedorka-Cray, D. A. Dargatz, K. Ferris, and A. Green. (2001). Fecal 
shedding of Salmonella spp. by dairy cows on farm and at cull cow markets. J. Food Prot. 
64(1): 3-11. 
 
Welshimer, J. J. (1960). Survival of Listeria monocytogenes in soil. J. Bacteriol. 80: 316-
320.  
 
Wesley, I. V., and F. Ashton. (1991). Restriction enzyme analysis of Listeria 
monocytogenes strains associated with foodborne epidemics. Appl. Environ. Microbiol. 
57: 969-975. 
 
108 
 
 
 
Whiteley, M., M. R. Parsek, and E. P. Greenberg. (2000). Regulation of quorum sensing 
by RpoS in Pseudomonas aeruginosa. J. Bacteriol. 182(15): 4356-4360. 
 
Winfield, M. D., and E. A. Groisman. (2003). Role of non-host environments in the 
lifestyles of Salmonella and Escherichia coli. Appl. Environ. Microbiol. 69(7): 3687-3694. 
 
Wisconsin State University. (2014). pH values of common foods and ingredients. 
Accessed October 2014. Available at: 
http://www.foodsafety.wisc.edu/business_food/files/Approximate_pH.pdf. 
 
Wisniewsky, M. A., B. A. Glatz, M. L. Gleason, and C. A. Reitmeier. (2000). Reduction of 
Escherichia coli O157: H7 counts on whole fresh apples by treatment with sanitizers. J. 
Food Prot. 63(6): 703-708. 
 
Wong, E., R. H. Linton, and D. E. Gerrard. (1998). Reduction of Escherichia coli and 
Salmonella senftenberg on pork skin and pork muscle using ultraviolet light. Food 
Microbio. 15(4), 415-423. 
 
World Health Organization (WHO). 2014. General information related to microbiological 
risks in food. Accessed June 2014. Available at: 
http://www.who.int/foodsafety/micro/general/en/. 
 
Worobo, R. and P. Hartman. (2013). Kinetics of Microbial Inactivation for Alternative 
Food Processing Technologies -- Ultraviolet Light. FDA Food Science and Research. 
Accessed December 2014. Available at: 
http://www.fda.gov/Food/FoodScienceResearch/SafePracticesforFoodProcesses/ucm10
3137.htm. 
 
Xu, K. D., G. A. McFeters, and P. S. Stewart. (2000). Biofilm resistance to antimicrobial 
agents. Microbiology, 146(3): 547-549. 
 
Yang, H., Y. Li, and M. G. Johnson. (2001). Survival and death of Salmonella Typhimurium 
and Campylobacter jejuni in processing water and on chicken skin during poultry 
scalding and chilling. J. Food Prot. 64(6): 770-776. 
 
Yaun, B. R., S. S. Sumner, J. D.  Eifert, and J. E. Marcy. (2004). Inhibition of pathogens on 
fresh produce by ultraviolet energy. Int. J. Food Microbio. 90(1): 1-8. 
 
You, Y., S. C. Rankin, H. W. Aceto, C. E. Benson, J. D. Toth, and  Z. Dou. (2006). Survival of 
Salmonella enterica serovar Newport in manure and manure-amended soils. Appl. 
Environ. Micro. 72(9): 5777-5783. 
 
Zhang, L. K., Z. X. Lu, and H. Wang. (2006). Effect of gamma irradiation on microbial 
growth and sensory quality of fresh-cut lettuce. Int. J. Food Microbio. 106: 348-351. 
109 
 
 
 
 
Zhao T., M. P. Doyle, J. Shere, and L. Garber. (1995). Prevalence of enterohemorrhagic 
Escherichia coli O157:H7 in a survey of dairy herds. Appl. Environ. Microbiol. 61: 1290-
1293. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
110 
 
 
 
CHAPTER 3: OPTIMIZATION OF PRODUCE SANITIZER TREATMENTS AND APPLICATION 
TO MELON SURFACES 
 
Modified from: 
Svoboda. A., J. Dzubak, A. Mendonca, L. Wilson, A. Nair, and A. Shaw. 2015. 
Effectiveness of broad spectrum chemical produce sanitizers against foodborne 
pathogens on cantaloupe and watermelon surfaces. Food Protection.  
 
Abstract 
Foodborne disease outbreaks linked to enteric pathogens on cantaloupe and 
watermelon over the past few years have raised concern in the melon industry. This 
research evaluated the effectiveness of commercially available produce sanitizers 
against foodborne pathogens in cell suspension and on the surface of cantaloupe and 
watermelon. The sanitizers (chlorine, hydrogen peroxide, liquid chlorine dioxide, 
hydrogen peroxide/acid combinations, organic acids, and quaternary ammonium) were 
tested against E. coli O157:H7, Listeria monocytogenes, Salmonella spp., and E. coli non-
O157 STEC (O26, O45, O103, O111, O121, and O145) in solution, and on the surfaces of 
whole melons. The cell suspension study revealed the ability of all tested sanitizers to 
reduce all pathogens by 0.6-9.6 log CFU/ml. In the melon study, significant differences in 
pathogen reduction were observed between sanitizers, but not between melon types. 
The most effective sanitizers observed were quaternary ammonium and hydrogen 
peroxide/acid combinations with 1.0-2.2 log CFU/gm and 1.3-3.5 log CFU/gm 
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reductions, respectively, for all pathogens tested. The other tested sanitizers were less 
consistent with microbial kill, with reductions ranging from 0-3 log CFU/gm depending 
on pathogen and sanitizer. This study provides guidance to the melon industry on best 
produce sanitizers for a broad spectrum pathogen intervention strategy.  
 
Introduction 
Consumption of cantaloupe and honeydew is approximately 11 pounds per 
capita and watermelons approximately 16 pounds per capita in the United States. In 
2010 melons represented the third most consumed fruits in America (USDA, ERS, 2012; 
Ag marketing center, 2014). This popularity can be attributed to Americans’ desire to 
eat a healthier diet, improvements in production and distribution methods along with 
new marketing campaigns of pre-cut melon products and seedless varieties (Ag 
marketing center, 2006). Over the past 15 years, concerns have been raised due to the 
increasing number of foodborne illness outbreaks associated with melons.   
Melons have been the source or vehicle of transmission in outbreaks involving 
Salmonella, E. coli, and Listeria spp. (Ukuku et al., 2001; CDC 2012, 2013). In 2012, the 
largest single vehicle foodborne outbreak in the U.S. was linked to Listeria 
monocytogenes on cantaloupe grown and processed at one farm in Colorado, resulting 
in 146 illnesses and 30 deaths across 28 states (CDC, 2012b). In 2012, another multistate 
outbreak occurred as a result of Salmonella on cantaloupe grown in the Midwest, and 
was later traced to watermelon grown by the same farm (CDC, 2013). E. coli O157:H7 
has been associated with both cantaloupe (FAO, 2011) as well as watermelon (CDC, 
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2012a) outbreaks. Additionally, a group of emerging pathogens termed “Big 6 non-
O157” STEC are increasingly recognized as a threat to the food industry (Mathusa et al., 
2010). These pathogens have been shown to cause similar disease to that of E. coli 
O157:H7, and recent studies have indicated that antimicrobial interventions used 
against E. coli O157:H7 may be as effective against the non-O157 STEC on beef products 
(Mathusa et al., 2010; Kalchayanand et al., 2012; Liao et al., 2015). However, little 
research has looked at susceptibility of this group of pathogens to antimicrobial 
interventions on produce.  
This increase in foodborne illness outbreaks attributed to melon products has 
raised concern from regulatory agencies (FDA), and resulted in mandatory requirements 
for melon producers in relation to standards of producing, harvesting, and marketing 
their product through the Food Safety Modernization Act (FSMA) (FDA, 2013c). 
. 
Sources of melon contamination include the soil, irrigation water, manure used 
as fertilizer, wildlife, harvesting and processing equipment, wash water or packing ice, 
and human handlers during harvest, processing, or shipping (Beuchat, 1996). Contact 
with pathogens is of high concern for cantaloupe, as the nature of the rind and stem 
scar tissue encourage the attachment and infiltration of microorganisms (Richards and 
Beuchat, 2004; Ukuku and Sapers, 2001). Additionally, cracks or abrasions on the 
surface of watermelon, which contains a waxy outer cuticle may allow for attachment 
and protection of pathogens (Burnett and Beuchat, 2000). This, combined with the 
relatively high pH of cantaloupe and watermelon flesh (6.0-6.5 and 5.1-5.6, respectively; 
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foodsafety.wisc.edu) and high water and nutrient content results in the capability of 
pathogens to survive and grow once transferred from the rind to flesh during 
processing, as established by Del Rosario and Beuchat (1994). 
One method for reducing microbial contamination of melons is by washing with 
chlorinated water to remove soil and reduce microbial contamination (FDA, 2013b). 
However, research has shown chlorine’s inconsistent sanitizing efficacy (Rodgers et al., 
2004; Pangloli and Hung, 2013; Webb et al., 2013), its poor penetrating power making it 
ineffective for inconsistent surfaces (Ukuku et al., 2000), and its inactivation by 
interacting with organic matter (such as soil on the surface of melons) to produce 
undesirable by-products (Huang and Batterman, 2009). Alternative sanitizers are 
available, including acidified sodium chlorite, chlorine dioxide, hydrogen peroxide, 
quaternary ammonium, organic acids, and peroxyacetic acid. Efficacy of these sanitizers 
has been explored in aqueous solution and on the surface of produce, where the 
potential for pathogen reduction has been demonstrated. Chlorine has produced 
inconsistent reductions of pathogens (1-8 logs) on produce (Ukuku and Fett, 2002; 
Bermúdez-Aguirre and Barbosa-Cánovas, 2013), while chlorine dioxide has shown 2-4 
log reductions (Mahmoud et al., 2008; Chung et al., 2011). Hydrogen peroxide and acid 
treatments have also been shown to reduce pathogen presence on produce by 1-6 logs 
(Sapers et al., 2001; Materon, 2003; Alvarado-Casillas et al., 2006 and 2013; Fouladkhah 
and Avens, 2010). The use of quaternary ammonium (Quat) has shown promise for 
microbial reductions in aqueous studies as well as on the surface of oranges, but it 
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currently not approved for produce wash water or produce products (Winniczuk, 1994; 
Chaidez et al., 2007).   
Research has indicated these sanitizers have varying degrees of effectiveness 
against microbial contamination on a variety of produce including melons, but the use 
of these alternative sanitizers has not been widely accepted by the melon industry. The 
objectives of this study was to investigate the effectiveness of a broad spectrum of 
commercially available chemical produce sanitizers against foodborne pathogens in an 
aqueous model system, and on the surface of rough (cantaloupe) and smooth 
(watermelon) surface melons to improve the microbial safety of these products.  
 
Materials and Methods 
Bacterial Strains and Inoculum Preparation 
Four bacterial inoculums were utilized for both studies, and included E. coli, 
Salmonella, and Listeria. The first bacterial inoculum consisted of E. coli O157:H7 (ATCC 
strains 35150, 43895, and 43890), the second consisted of six strains of non-O157 shiga-
toxin producing E. coli (STEC) (O26:H11, O45:H2, O103:H2, O111:H2, O121:H19, and 
O145NM, Michigan State University STEC Center Database), the third consisted of 
Listeria monocytogenes  (cell suspension study; FSL R2-499, FSL N1-277, and FSL O1-177) 
or Listeria innocua (melon study; ATCC 33090, DD680), and the fourth consisted of 
Salmonella spp. (Typhimurium: SA 3250 and ATCC 14028, and Enteritidis: ATCC 13076). 
All cultures were obtained from the Iowa State University Microbial Food Safety 
Laboratory, maintained at -80°C in glycerol-supplemented broth media.  Prior to 
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inoculum preparation, individual strains were grown in Brain Heart Infusion (BHI) broth 
(HiMedia; Mumbai, India) for two consecutive 24 hour enrichments at 35°C. Following 
enrichments, cells for respective inoculums were combined and harvested by 
centrifugation (10,000 g, 10 min, 4°C) (Sorvall® Super T21, Thermo Fisher Scientific; 
Waltham, MA), washed twice in 0.1% (w/v) peptone (HiMedia; Mumbai, India), and 
suspended in 30 mL sterile deionized water to obtain 109 Log CFU/mL (cell suspension 
study) or 3 L of 0.1% (w/v) peptone to obtain 108 Log CFU/mL (melon study). The viable 
count of each bacterial suspension was determined by plating on plate count agar (PCA) 
(HiMedia; Mumbai, India).   
 
Melon Preparation and Inoculation 
Melons (cantaloupe, netted type and watermelon, personal sized) were obtained 
from a local wholesaler or retailer within three days of harvest. No melons utilized in 
this study had previous antimicrobial treatment applications and a subset was tested for 
foodborne pathogens prior to utilizing the melons in the study. Prior to use melons were 
lightly scrubbed under cool running tap water until all visible soil was removed, and air-
dried at room temperature. Cantaloupe and watermelon were inoculated by 
submersion into one suspension (3 L) of respective bacteria, using manual rotation 
every 1 minute for a total of 5 minutes with a gloved hand to cover all portions of the 
melon. Inoculated melons were air dried on sterilized stainless steel racks in a biosafety 
hood at ambient temperature (22 ± 1°C) for 1 hour to allow for bacterial attachment 
(Ukuku et al., 2001).  
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Sanitizer Preparation 
Sanitizers were obtained or purchased from respective suppliers and diluted in 
sterile tap water according to supplier recommendations or industry standards. Sodium 
hypochlorite was purchased as regular strength commercial bleach, and diluted to 200 
ppm free chlorine. Liquid chlorine dioxide was received from Birko® Company as 3000 
ppm concentrate and diluted to 50 ppm. Food grade hydrogen peroxide at 35% (Oxy-
Tech brand) was purchased and diluted to 5%. Quaternary ammonium (FS Amine Z™) 
was purchased from Zep® Company and diluted to 300 ppm according to manufacturer 
instructions. Organic acid/emulsifier combination (Pro-San®) was obtained from 
Microside®, Inc and diluted to 0.78% by weight according to manufacturer directions. 
Acetic acid/peroxyacetic acid/hydrogen peroxide combination (Birkoside MP-2) was 
obtained from Birko® Company and diluted to 0.78% by weight. Hydrogen 
peroxide/peroxyacetic acid combination (Sanidate® 12.0) was obtained from BioSafe 
Systems LLC, and diluted to 100 ppm peroxyacetic acid according to manufacturer 
directions. Hydrogen peroxide/peroxyacetic acid combination (StorOx® 2.0) was 
obtained from BioSafe Systems LLC, and diluted to 100 ppm peroxyacetic acid according 
to manufacturer directions. Sterile distilled water was utilized to dilute sanitizers, 
verified to be of pH 7.2 ± 0.1 unit prior to preparation. Validation of concentration 
throughout experiment was conducted as recommended by supplier recommendations.  
These recommendations were utilized because suppliers provided data supporting 
effectiveness at these levels and are below the federal standards found in 21 CFR Part 
173 for direct application in food for human consumption. Each sanitizer batch was 
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utilized for a maximum of 2 melons (either cantaloupe or watermelon), to ensure 
sanitizer concentration was not reduced during the experiment. Sanitizers, sources, and 
tested concentrations are provided in Table 1.  
 
In-Cell Suspension Sanitizer Treatment and Bacterial Analysis  
For each sanitizer tested (Table 1), analysis was conducted in triplicate, with 
duplicate samples taken for each analysis. Immediately following suspension of 
inoculum in sterile deionized water, inoculum was sampled, serially diluted in buffered 
peptone water (BPW) (HiMedia; Mumbai, India), and plated on PCA to determine initial 
concentration of bacteria. Bacterial cell suspensions in sterile deionized water were 
utilized as the control for this experiment. Sanitizer treatments were then applied 
directly to inoculum suspensions, mixed by vortexing (Vortex, Fisher Scientific; 
Waltham, MA), and placed at 4°C for 5 minutes. Aliquots (1.0-ml) of control and treated 
cell suspensions were then serially diluted in BPW, and plated on PCA for analysis of 
bacterial survival.  
 
Sanitizer Treatment of Melons 
For each sanitizer tested (Table 1), analysis was conducted in triplicate, with 
duplicate samples taken for each analysis. Melons were selected for the study and 
placed into treatments randomly. Each melon was visually checked prior to inoculation 
to ensure structural quality of rinds. Each analysis consisted of one un-inoculated 
cantaloupe and watermelon sampled to determine levels of background pathogen, and 
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three cantaloupe and watermelon each inoculated with the respective bacterial 
inoculum (E. coli O157:H7, Non-O157 STEC, Listeria innocua, or Salmonella spp.). Of the 
inoculated melons, one non-treated melon was selected for microbial analysis to 
determine initial bacterial load and used as the control to determine microbial 
reductions from applied sanitizer, and the remaining two were selected for microbial 
analysis after sanitizer treatment. Melons were treated with produce sanitizers by 
dipping them in prepared solutions in a sterile plastic tub, and using constant manual 
agitation for 2 minutes. Following treatments, melons were rinsed with sterile tap 
water, and placed in a biosafety hood to air dry at room temperature for 1 hour. Melons 
were then sampled by randomly removing approximately 60 rind plugs using a sterile 
stainless steel apple cork-borer (Mercer Cutlery; Deer Park, NY). The flesh was removed 
from the rind plugs using a sterilized knife and discarded. Rind samples were then 
collected for a total weight of 25g per melon sample and homogenized with 225mL BPW 
using a sanitized commercial blender (Oster, Sunbeam Products; Boca Raton, FL) at high 
speed for 1 minute. Melon homogenates were then sampled by performing serial 
dilutions in BPW and plating onto appropriate overlay selective agars (Wu et al., 2001). 
Selective agars included Sorbitol MacConkey agar (Difco, Becton Dickinson; Sparks, MD) 
with Tryptic Soy Agar (TSA) (EMD Chemicals Inc.; Darmstadt, Germany) overlay (E. coli 
O157:H7), Possé agar (Posse et al., 2008) (Non-O157 STEC), Modified Oxford (MOX) agar 
(Difco, Becton Dickinson; Sparks, MD) with TSA overlay, and Xylose Lysine 
Desoxycholate (XLD) agar (Difco, Becton Dickinson; Sparks, MD) with TSA overlay 
(Salmonella). Specific media was utilized due to its sensitivity and specifically to detect 
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the bacterial cells of choice.  Plates were incubated for 24-48 hours at 35°C, depending 
on organism growth characteristics. Presumptive positive isolates on growth plates were 
confirmed using agglutination kits (Oxoid Ltd; Hampshire, U.K.).  
 
Statistical Analysis 
Each study included three replicates with duplicate samples for each treatment. 
For both studies, microbial counts were obtained; means and standard deviations were 
calculated within replicate analysis. Bacterial reduction was analyzed using PROC GLM 
for mean separation of sanitizer treatments and LSmeans for sanitizer and melon 
interactions. Analysis was performed using SAS 9.3 software (SAS Institute; Cary, NC).  
 
Results and Discussion 
Bacterial Cell Suspension Study 
In compliance with regulations brought forth with the introduction of FSMA, 
melon producers are encouraged to utilize practices based on HACCP (Hazard Analysis 
Critical Control Points). This process requires the identification of Critical Control Points 
(CCPs), setting Critical Limits, monitoring and documenting controls. The application of 
an antimicrobial wash step to improve microbial quality as a CCP is an option for 
producers, and the results of this cell suspension study model, an aqueous system, with 
optimal conditions for this scenario.   
In this study, produce sanitizers were compared at multiple concentrations, and 
when not significantly different the lower concentrations were selected for use in future 
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work. There were significant differences in bacterial reductions observed between 
produce sanitizer treatments (P<0.05, See table 2). The most effective categories of 
sanitizers were liquid chlorine dioxide and peroxyacetic acid/hydrogen peroxide with 8-
9 log CFU/ml reductions for E. coli O157:H7, Listeria monocytogenes, Salmonella, and 
non-O157 STEC. These results are supported by Rodgers and group (2004), who 
demonstrated greater than 6 log reductions of pathogens in an aqueous solution 
treated with peroxyacetic acid and chlorine dioxide 20-70 seconds.  
Hydrogen peroxide treatment also resulted in large (7-8 log CFU/ml) reductions. 
The only exception to this was Listeria monocytogenes treated with 5% hydrogen 
peroxide, which exhibited a much lower (2.5 log) reduction. This is in contrast to results 
reported in studies conducted by Robbins et al. (2005), who observed a reduction of 6.0 
log CFU/ml of Listeria monocytogenes Scott A when the pathogen was treated in 
suspension with 3% hydrogen peroxide. These discrepancies can be attributed to 
variations in study design or experimental treatment. While Robbins also conducted the 
study in a cell suspension, they utilized a lower concentration of hydrogen peroxide but 
a longer contact time of 10 minutes at a much higher temperature of 20°C. 
Our results indicated that quaternary ammonium was able to cause a microbial 
reduction of 4-7 log CFU/ml with the greatest bacterial reduction of Listeria.  These 
results are consistent with findings of Chaidez et al. (2007), who observed a 6 log 
reduction of E. coli and Staphylococcus aureus when treated with 200 mg/L quaternary 
ammonium. We also observed a difference in reduction effectiveness between gram 
positive and negative bacteria when treated with quats. This difference can be 
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attributed to the structure of Gram negatives having an outer membrane that acts to 
increase resistance to cationic moieties in quaternary ammonium that attack the cellular 
structure to result in cellular destruction (Chaplin, 1952).  
The organic acid combination product was least effective with reductions of 3 log 
CFU/ml or less depending on the foodborne pathogen (Table 2). While the organic acid 
tested included a combination of lactic and citric acids, results of this study are 
supported by finding of Hawkins (2014), who reported no effects of citric and other 
organic acids on L. monocytogenes or E. coli growth. Allende et al. (2007) also showed 
no inhibitory effect of lactic acid-producing bacteria against Listeria in an aqueous 
solutions at temperatures similar to our study.  
 
Melon Study 
Initial viable counts of bacteria attached to surfaces of melons were 4.2, 3.8, 4.5, 
and 3.3 CFU/g for E. coli O157:H7, Salmonella spp., Listeria spp., and Non-O157 STEC, 
respectively. Reductions in viable bacterial counts varied from 0-2.8 CFU/g depending 
on sanitizer and bacteria, and were not consistent among the pathogens tested (Table 
3). However, significant (P < 0.05) differences occurred between sanitizers and the non-
treated control, as well as between the sanitizers and water and chlorine treatments. 
No melon interactions (cantaloupe vs. watermelon) were observed in statistical analysis, 
and reports shown as “melons” indicate combined melon type analysis. One observation 
noted was the variation in the surface types between the cantaloupe and watermelon. 
The cantaloupe specifically had varying degrees and depth of netting and often was 
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smooth with minor netting.  These results could explain some of variability in the 
effectiveness of sanitizers to reduce the bacterial load on these surfaces, which is not 
consistent with previous research (Bermúdez-Aguirre and Barbosa-Cánovas, 2013; 
Chung et al., 2011; Alvarado-Casillas et al., 2006; Wang et al., 2006; Rodgers et al., 
2004). However, Ukuku and Fett (2002) saw similar reductions in bacterial loads on 
netted cantaloupe and smooth honeydew melons when treated with chlorine which is 
consistent with the results of our study. It is worth noting that sanitizers tested were 
equally effective for both melon types considering that production and processing of 
these products often occur in the same locations.  
Quaternary ammonium resulted in 2 log or greater reductions of E. coli and 
Salmonella, but less than 1 log reduction of Listeria. This was not consistent with results 
shown by Chaidez et al. (2007) who saw a 6 log reduction of Gram positive pathogens, 
or indicated by the results of our cell suspension study. This may be attributed to the 
ability of Listeria to attach to the surface of the melons through interactions with the 
melon surface structures (Richards and Beuchat, 2004), and to increased resistance to 
sanitizers resulting from attachment of cells (Somers and Wang, 2004; Ölmez and 
Temur, 2010). The use of quats has been limited in studies on fresh produce because it 
is not approved for use directly on foods, though it has been successfully utilized and 
accepted to reduce microbial contamination on whole produce that is peeled prior to 
consumption (Winniczuk, 1994; FDA, 2013a). The reductions of Gram negative bacteria 
in this study indicates promise for use of quats on melons, which will be peeled prior to 
consumption. 
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Two combinations of hydrogen peroxide and peroxyacetic acid (PAA) treatments 
were tested in our study and the higher concentration of PAA (12%) resulted in 2 or 
greater log reductions of E. coli O157:H7 and Salmonella, and slightly lower reductions 
of Listeria and Non-O157 STEC. For some pathogens, significant differences in reduction 
of viable counts were observed with the lower concentration of PAA (2%), resulting in 
less than 1 log reductions. An additional sanitizer containing hydrogen peroxide, PAA, 
and acetic acid produced similar results for bacterial reductions, though non-O157 STEC 
exhibited very little reduction with this sanitizer. These results are consistent with 
results shown by Wang et al. (2006) who saw a 1.5 log reduction of E. coli on apple and 
cantaloupe treated with PAA. However, Rodgers et al. (2004) reported much greater 
reductions (4.4 log) of E. coli O157:H7 and L. monocytogenes on a variety of produce 
with the use of PAA.  
Chlorine dioxide has much higher oxidative power than chlorine (FDA, 2013a), 
which was supported by greater reductions for bacteria using chlorine dioxide than 
chlorine in the present study. Liquid chlorine dioxide resulted in 1.5-2 log reductions for 
E. coli and Salmonella, but less than 1 log reduction was achieved for Listeria. These 
results were similar to previous work with chlorine dioxide, which saw a reduction of E. 
coli, Listeria, and Salmonella on cantaloupe by 2-3 logs (Mahmoud et al., 2008), and 
total bacterial populations by 3-4 logs on apples, guava, lettuce, and cucumber (Chung 
et al., 2011). Chlorine resulted in less than 1 log reduction for E. coli, and less than 2 log 
reductions of Listeria and Salmonella in our study. These results were consistent in 
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bacterial reductions on melons for many previous studies (Uku et al., 2000; Ukuku and 
Fett, 2002; Mahmoud et al., 2008; Fan et al., 2009; Chung et al., 2011).   
Hydrogen peroxide resulted in 1.5-2.5 log reductions of all bacteria, which was 
consistent with cantaloupe study results reported by Sapers et al. (2001) and Ukuku and 
Fett (2002). However, the Sapers’ group (2001) indicated that the addition of detergents 
could improve the efficacy of hydrogen peroxide, and this study indicated that the 
addition of acids (acetic and peroxyacetic acids) can greatly improve this treatment for 
most pathogens.  
Analysis showed, when considering both melon types and all pathogens tested, 
five sanitizer treatments were consistently more effective at reducing pathogen loads 
than the baseline water and chlorine treatment. These sanitizers included; 18% 
H2O2/12% PAA (1.6-2.3 log reductions depending on pathogen), quaternary ammonium 
chloride (0.8-2.4 log reductions depending on pathogen), Acetic Acid/PAA/ H2O2 (0.3-2.8 
log reductions depending on pathogen), liquid chlorine dioxide (0.8-2.1 log reductions 
depending on pathogen), and hydrogen peroxide (1.4-2.4 log reductions depending on 
pathogen).  
It should be noted that for individual melon types (cantaloupe and watermelon), 
some sanitizers produced greater than 3 log reduction of select bacteria (Appendix A, 
Figures 5-12), but considering overall melon analysis no sanitizer treatment resulted in 
greater than 2.8 log reduction of any pathogen studied. This should be a consideration 
for future studies concerning produce sanitizers and alternative treatments for a 
combined hurdle effect in pathogen reduction on whole melons. When considering only 
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cantaloupe melons, the 18% H2O2/12% PAA, quaternary ammonium chloride, and acetic 
acid/PAA/ H2O2 treatments tended to reduce bacterial populations the greatest 
(Appendix A, Figures 5, 7, 9, and 11). Results of bacterial reduction on watermelon 
tended to be greatest by the liquid chlorine dioxide, quaternary ammonium chloride, 
acetic acid/PAA/ H2O2, and the ammonium chloride/ethyl alcohol treatments (Appendix 
A, Figures 6, 8, 10, and 12).  
This study optimized the conditions for bacterial contact and attachment to 
melon surfaces, starting with an 8 log cfu/ml inoculum but resulted 4.5 log or less 
attachment to melon surfaces for all tested pathogens. This low pathogen attachment in 
ideal conditions should be considered when analyzing the effectiveness of sanitizers to 
reduce pathogen load in less than ideal environmental conditions for bacterial presence 
and attachment that would occur in the field or during processing and packaging, and as 
a result, possible bacterial stress hardening response.  
The results of this study will be expressed to melon producers and processors for 
the benefit of food safety through prevention of microbial contaminants in the melon 
industry. It will also be important to discuss the willingness of industry members to 
utilize these sanitizer treatments in their facilities, based on chemical makeup, benefits 
and cost of use. Further work should be conducted to determine optimal use of these 
sanitizers to improve efficacy, and the possibility of combined treatments to utilize 
hurdle technologies for greater microbial reductions. We will utilize the information 
gained from this study to determine the role these sanitizers may play in preserving the 
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quality and shelf life of melons through improvement of melon surface and flesh 
integrity as well as yeast and mold reduction.  
 
Acknowledgements 
We would like to thank Iowa State University, College of Agriculture and Life Sciences 
for funding portions of this project, Lofredo Produce for supplying melons for the study, 
Dr. Catherine Strohbehn for her contributions to the project, and undergraduate 
student Beatrice Jie for her assistance in sampling preparation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
127 
 
 
 
References 
 
Agricultural Marketing Resource Center. 2006. Commodity Profile: Melons. Accessed 
October 2014. Available at: http://aic.ucdavis.edu/profiles/Melons-2006.pdf. 
 
Agricultural Marketing Resource Center. 2014. Melon Profile. Accessed June 2014. 
Available at: http://www.agmrc.org/commodities__products/vegetables/melon-
profile/. 
 
Allende, A., B. Martínez, V. Selma, M. I. Gil, J. E. Suárez, and A. Rodríguez, A. (2007). 
Growth and bacteriocin production by lactic acid bacteria in vegetable broth and their 
effectiveness at reducing Listeria monocytogenes in vitro and in fresh-cut lettuce. Food 
Micro. 24(7): 759-766. 
 
Alvarado-Casillas, S., S. Ibarra-Sánchez, O. Rodriguez-Garcia, N. Martinez-Gonzales, and 
A. Castillo. 2007. Comparison of rinsing and sanitizing procedures for reducing bacterial 
pathogens on fresh cantaloupes and bell peppers. J. Food Prot. 70(3): 655-660. 
 
Beers, A. 2000. Outbreak at Milwaukee Sizzler provides lessons to industry. Food Chem. 
News Il: 4-5.  
 
Bermúdez-Aguirre, D., and G. V. Barbosa-Cánovas. 2013. Disinfection of selected 
vegetables under non-thermal treatments: chlorine, acid citric, ultraviolet light and 
ozone. Food Control 29 (1): 82-90. 
 
Beuchat, L. R. 1996. Pathogenic microorganisms associated with fresh produce. J. Food 
Prot. 59(2): 204-216. 
 
Burnett, S. L., and L. R. Beuchat. 2000. Human pathogens associated with raw produce 
and unpasteurized juices, and difficulties in decontamination. J. Industrial Micro. 
Biotech. 25(6): 281-287. 
 
Centers for Disease Control and Prevention. 2012a. Foodborne outbreak online 
database (FOOD). Accessed June 2014. Available at: 
http://wwwn.cdc.gov/foodborneoutbreaks/Default.aspx. 
 
Center for Disease Control and Prevention. 2012b. Multistate outbreak of Listeriosis 
linked to whole cantaloupes from Jensen Farms, Colorado. Accessed October 2014. 
Available at: http://www.cdc.gov/listeria/outbreaks/cantaloupes-jensen-
farms/082712/. 
 
Center for Disease Control and Prevention. 2013. Multistate outbreak of Salmonella 
Typhimurium and Salmonella Newport infections linked to cantaloupe (final update). 
128 
 
 
 
Accessed October 2014. Available at: http://www.cdc.gov/salmonella/typhimurium-
cantaloupe-08-12/. 
 
Chaidez, C., J. Lopez, and N. Castro-del Campo. 2007. Quaternary ammonium 
compounds: an alternative disinfection method for fresh produce wash water. J. Water 
Health 5(2): 329-333. 
 
Chaplin, C. E. 1952. Bacterial resistance to quaternary ammonium disinfectants. J. 
Bacteriology. 63(4): 453. 
 
Chung, C. C., T. C. Huang, C. H. Yu, F. Y Shen, and H. H. Chen. 2011. Bactericidal effects of 
fresh-cut vegetables and fruits after subsequent washing with chlorine dioxide. In 
proceedings of International Conference on Food Engineering and Biotechnology (ICFEB 
2011). 
 
Del Rosario, B. A., and L. R. Beuchat. 1994. Survival and growth of Enterohemorrhagic 
Escherichia coli O157:H7 in cantaloupe and watermelon. J. Food Prot. 58(1): 105-107. 
 
Fan, X., B. A. Annous, L. A. Keskinen, and J. P. Mattheis. 2009. Use of chemical sanitizers 
to reduce microbial populations and maintain quality of whole and fresh-cut cantaloupe. 
J. Food Prot. 72(12): 2453-2460. 
 
Food and Drug Administration. 2013a. Analysis and evaluation of preventive control 
measures for the control and reduction/elimination of microbial hazards on fresh and 
fresh-cut produce. Accessed October 2014. Available at: 
http://www.fda.gov/Food/FoodScienceResearch/SafePracticesforFoodProcesses/ucm09
1363.htm 
 
Food and Drug Administration. 2013b. National commodity-specific food safety 
guidelines for cantaloupes and netted melons. Accessed October 2014. Available at: 
http://www.fda.gov/downloads/Food/GuidanceRegulation/GuidanceDocumentsRegulat
oryInformation/ProducePlantProducts/UCM365219.pdf. 
 
Food and Drug Administration, Department of Health and Human Services. 2013c. 
Standards for the growing, harvesting, packing, and holding of produce for human 
consumption. Code of Federal Regulations; CFR 21(16, 112).  
 
Fouladkhah, A., and J. S. Avens. 2010. Effects of combined heat and acetic acid on 
natural microflora reduction on cantaloupe melons. J. Food Prot. 73(5): 981-984. 
 
Hawkins, S. G. (2014). Antimicrobial activity of cinnamic acid, citric acid, 
cinnamaldehyde, and levulinic acid against foodborne pathogens. University of 
Tennessee Honors Thesis Projects. Available at: 
http://trace.tennessee.edu/utk_chanhonoproj/1701. 
129 
 
 
 
 
Huang, A-T., and S. Batterman. 2009. Formation of trihalomethanes in foods and 
beverages. Food Additives Contam. 26(7): 947-957. 
 
Kalchayanand, N., T. M. Arthur, J. M. Bosilevac, J. W. Schmidt, R. Wang, S. D. 
Shackelford, and T. L. Wheeler. 2012. Evaluation of commonly used antimicrobial 
interventions for fresh beef inoculated with Shiga toxin–producing Escherichia coli 
serotypes O26, O45, O103, O111, O121, O145, and O157:H7. J. Food Prot. 75:1207-
1212. 
 
Liao, Y. T., J. C. Brooks, J. N. Martin, A. Echeverry, G. H. Loneragan, and M. M. Brashears. 
2015. Antimicrobial interventions for O157: H7 and Non-O157 Shiga toxin–producing 
Escherichia coli on beef subprimal and mechanically tenderized steaks. J. Food Prot. 
78(3): 511-517. 
 
Mahmoud, B. S. M., N. A. Vaidya, C. M. Corvalan, and R. H. Linton. 2008. Inactivation 
kinetics of inoculated Escherichia coli O157: H7, Listeria monocytogenes and Salmonella 
Poona on whole cantaloupe by chlorine dioxide gas. Food Micro. 25(7): 857-865. 
 
Materon, L. A. 2003. Survival of Escherichia coli O157: H7 applied to cantaloupes and the 
effectiveness of chlorinated water and lactic acid as disinfectants. World J. Micro. 
Biotech. 19(8): 867-873. 
 
Mathusa, E. C., Chen, Y., Enache, E., & Hontz, L. 2010. Non-O157 Shiga toxin–producing 
Escherichia coli in foods. J.f Food Prot. 73(9): 1721-1736. 
 
Ölmez, H., and S. D. Temur. 2010. Effects of different sanitizing treatments on biofilms 
and attachment of Escherichia coli and Listeria monocytogenes on green leaf lettuce. 
LWT-Food Sci. Tech. 43(6): 964-970. 
 
Pangloli, P., and Y. C. Hung. 2013. Effects of water hardness and pH on efficacy of 
chlorine-based sanitizers for inactivating Escherichia coli O157: H7 and Listeria 
monocytogenes. Food Control 32(2): 626-631. 
 
Possé, B., L. De Zutter, M. Heyndrickx, and L. Herman. 2008. Novel differential and 
confirmation plating media for Shiga toxin‐producing Escherichia coli serotypes O26, 
O103, O111, O145 and sorbitol‐positive and‐negative O157. FEMS microbiology letters 
282.1: 124-131. 
 
Richards, G. M., and L. R. Beuchat. 2004. Attachment of Salmonella Poona to cantaloupe 
rind and stem scar tissues as affected by temperature of fruit and inoculum. J. Food 
Prot. 67(7): 1359-1364. 
 
130 
 
 
 
Robbins, J. B., C. W. Fisher, A. G. Moltz, and S. E. Martin. 2005. Elimination of Listeria 
monocytogenes biofilms by ozone, chlorine, and hydrogen peroxide. J. Food Prot. 68(3): 
494-498. 
 
Rodgers, S. L., J. N. Cash, M. Siddiq, and E. T. Ryser. 2004. A comparison of different 
chemical sanitizers for inactivating Escherichia coli O157: H7 and Listeria monocytogenes 
in solution and on apples, lettuce, strawberries, and cantaloupe. J. Food Prot. 67(4): 721-
731. 
 
Sapers, G. M., R. L. Miller, V. Pilizota, and A. M. Mattrazzo. 2001. Antimicrobial 
treatments for minimally processed cantaloupe melon. J. Food Sci. 66(2): 345-349. 
 
Somers, E. B., and A. C. L.Wong. 2004. Efficacy of two cleaning and sanitizing 
combinations on Listeria monocytogenes biofilms formed at low temperature on a 
variety of materials in the presence of ready-to-eat meat residue. J. Food Prot. 67(10): 
2218-2229. 
 
Ukuku, D. O., and W. F. Fett. 2002. Effectiveness of chlorine and nisin-EDTA treatments 
of whole melons and fresh-cut pieces for reducing native microflora and extending 
shelf-life. J. Food Safety 22(4): 231-253. 
 
Ukuku, D. O., and G. M. Sapers. 2001. Effect of sanitizer treatments on Salmonella 
Stanley attached to the surface of cantaloupe and cell transfer to fresh-cut tissues 
during cutting practices. J. Food Prot. 64(9): 1286-1291. 
 
Ukuku, D. O., V. Pilizota, and G. M. Sapers. 2001. Influence of washing treatment on 
native microflora and Escherichia coli population of inoculated cantaloupes. J. Food 
Safety 21.1: 31-47. 
 
United States Department of Agriculture, Economic Research Service. 2012. Food 
consumption. Accessed November 2014. Available at: 
http://www.ers.usda.gov/topics/food-choices-health/food-consumption-demand/food-
consumption.aspx. 
 
Wang, H. U. A., H. A. O. Feng, and Y. Luo. 2006. Dual-phasic inactivation of Escherichia 
coli O157:H7 with peroxyacetic acid, acidic electrolyzed water and chlorine on 
cantaloupes and fresh-cut apples. J. Food Safety 26(4): 335-347. 
 
Webb, C. C., L. E. Davey, M. C. Erickson, and M. P. Doyle. 2013. Evaluation of levulinic 
acid and sodium dodecyl sulfate as a sanitizer for use in processing Georgia-grown 
cantaloupes. J. Food Prot. 76(10): 1767-1772. 
 
Winniczuk, P. P. 1994. Effects of sanitizing compounds on the microflora of orange fruit 
surfaces and orange juice. PhD diss., University of Florida. 
131 
 
 
 
 
Wisconsin State University. 2014. pH values of common foods and ingredients. Accessed 
October 2014. Available at: 
http://www.foodsafety.wisc.edu/business_food/files/Approximate_pH.pdf. 
 
Wu, V. C. H., and D. Y. C. Fung. 2001. Evaluation of thin agar layer method for recovery 
of heat‐injured foodborne pathogens. J. Food Science 66.4: 580-583. 
 
 
Tables 
 
Table 1. Description of sanitizer category, commercial name, source, and concentrations utilized within the broth and melon studies 
 
Chemical Category a 
 
Commercial 
Name 
 
Company Source 
Concentration 
Tested 
in Suspension study 
Concentration 
Tested in Melon 
Study 
 
Chlorine 
Commercial 
Bleach 
Commercial 
Bleach 
 
65 ppm 
 
200 ppm 
 
200 ppm 
 
Liquid Chlorine Dioxide 
Chlorine Dioxide 
Aqueous Solution 
 
Birko® 
 
5 ppm 
 
50 ppm 
 
5 ppm 
 
Hydrogen Peroxide 
 
Oxy-Tech 
Eagle Enterprises 
LLC 
 
5% 
 
35% 
 
5% 
 
23% H2O2/5.3% PAA 
 
SaniDate® 5.0 
BioSafe Systems 
LLC 
 
80 ppm 
 
200 ppm 
 
Not Tested 
 
18% H2O2/12% PAA 
 
SaniDate® 12.0 
BioSafe Systems 
LLC 
 
80 ppm 
 
200 ppm 
 
100 ppm 
 
27% H2O2/2.0% PAA 
 
StorOx® 2.0 
BioSafe Systems 
LLC 
 
80 ppm 
 
200 ppm 
 
100 ppm 
Quaternary Ammonium 
Chloride 
Zep FS  
Amine Z™ 
 
Zep® 
  
300 ppm 
 
300 ppm 
Organic Acid/Emulsifier Pro-San® Microside®, Inc.  0.78% 0.78% 
Lactic Acid/Citric Acid Veggiexide Birko®  2.5% Not Tested 
Acetic Acid/PAA/ H2O2 Birkoside MP-2 Birko®  0.78% 0.78% 
a H2O2 indicates hydrogen peroxide 
  PAA indicates peroxyacetic acid 
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Table 2. Log reduction of pathogens in cell suspension following sanitizer treatments for 5 minutes at 4°C 
 
Sanitizer 
 
Concentration 
E. coli O157:H7 Log 
Reduction (CFU/mL)  
Salmonella spp. Log 
Reduction (CFU/mL)   
Listeria monocytogenes 
Log Reduction (CFU/mL)  
Non O157 STEC Log 
Reduction (CFU/mL)   
Water (Control)  Initial 9.53 ± 0.09 (a) Initial 8.69 ± 0.43 (a) Initial 9.05 ± 0.31 (a) Initial 9.22 ± 0.17 (a) 
Chlorine 65 ppm 3.29 ± 0.54 (e, f) 1.86 ± 0.50 (e) 2.96 ± 0.08 (e, f, g) 3.18  ± 0.87 (e) 
 200 ppm 5.69 ± 0.26 (d) 4.12 ± 0.96 (c, d, e) 5.34 ± 0.22 (c, d, e) 4.91  ± 0.24 (d, e) 
Liq. Chlorine Dioxide 5 ppm 5.03 ± 0.46 (d, e, f) 5.32 ± 0.26 (b, c, d, e) 5.16 ± 0.38 (c, d, e) 4.53  ± 0.43 (d, e) 
 50 ppm 9.46 ± 0.02 (b) 8.38 ± 0.57 (b, c) 8.83 ± 0.12 (b) 9.27  ± 0.19 (b) 
Hydrogen Peroxide 5% 7.98 ± 0.79 (b, c) 7.67 ± 1.00 (b, c, d) 2.55 ± 0.13 (f, g) 7.47  ± 0.96 (b, c) 
 35% 9.53 ± 0.08 (b) 8.53 ± 0.67 (b, c) 9.17 ± 0.11 (b) 9.29  ± 0.10 (b) 
23% H2O2/5.3% PAA 80 ppm 4.86 ±0.26 (d, e, f) 5.13 ± 0.25 (b, c, d, e) 5.46 ± 0.41 (c, d) 4.66  ± 0.25 (d, e) 
 200 ppm 6.63 ± 0.64 (c, d) 6.23 ± 1.22 (b, c, d, e) 5.16 ± 0.43 (c, d, e) 5.24  ± 0.42 (c, d, e) 
18% H2O2/12% PAA 80 ppm 5.15 ± 0.38 (d, e, f) 6.78 ± 0.61 (b, c, d, e) 4.92 ± 0.41 (c, d, e, f) 5.41  ± 0.39 (c, d, e) 
 200 ppm 9.57 ± 0.07 (b) 6.60 ± 0.83 (b, c, d, e) 6.17 ± 0.47 (c, d) 9.15  ± 0.17 (b) 
27% H2O2/2.0% PAA 80 ppm 5.30 ± 0.14 (d, e) 6.90 ± 1.18 (b, c, d) 4.83 ± 0.21 (c, d, e, f) 4.97 ± 0.31 (c, d, e) 
 200 ppm 9.64 ±0.06 (b) 8.41 ± 0.84 (b, c) 9.23 ± 0.27 (b) 9.19 ± 0.21 (b) 
Quat. Amon. Chl. 300 ppm 6.09 ± 0.71 (b, d) 4.49 ± 2.28 (b, c, d, e) 7.19 ± 1.3 (b, c) 6.25  ± 0.86 (c, d) 
Org. Acid/Emulsifier 0.78% 2.98 ± 0.68 (f) 3.80 ± 0.80 (c, d, e) 4.34 ± 0.76 (c, d, e) 3.94  ± 0.60 (d, e) 
Lactic Acid/Citric Acid 2.50% 0.65 ± 0.10 (g) 2.97 ± 0.81 (d, e) 1.78 ± 0.37 (g) 0.62  ± 0.11 (f) 
Acetic Acid/PAA/H2O2 0.78% 9.55 ± 0.08 (b) 9.14 ± 0.15 (b) 9.33 ± 0.10 (b) 9.41 ± 0.05 (b) 
a,b,c,d,e,f  Different letters indicate significant differences (p < 0.05) between Log reductions within the same column.  
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Table 3. Log reduction of pathogens on melon surfaces following sanitizer treatments for 2 minutes 
 
Sanitizer 
 
Concentration 
E. coli O157:H7 Log 
Reduction (CFU/g) 
Salmonella spp. Log 
Reduction (CFU/g) 
Listeria spp. Log 
Reduction (CFU/g) 
Non O157 STEC Log 
Reduction (CFU/g) 
Control (No treatment)  Initial 4.2 ± 0.2 (a) Initial 3.8  ± 0.3 (a) Initial 4.5 ± 0.2 (a) Initial 3.3  ± 0.4 (a) 
Water  0.7 ± 0.5 (d) -0.5 ± 0.4 (d) 1.2 ± 0.5 (b) -0.1  ± 0.5 (d) 
Chlorine 200 ppm 0.6 ± 0.5 (d) 1.2 ± 0.4 (c) 1.9 ± 0.5 (b) 0.6  ± 0.6 (c, d) 
Liquid Chlorine Dioxide 5 ppm 1.6 ± 0.5 (b, c) 2.1 ± 0.4 (b, c) 0.8 ± 0.5 (b) 1.6  ± 0.6 (b, c) 
Hydrogen Peroxide 5% 1.4 ± 0.5 (b, c) 1.5 ± 0.6 (b, c) 2.4 ± 0.5 (b) 1.8 ± 0.7 (b, c) 
18% H2O2/12% PAA 100 ppm 2.3 ± 0.5 (b, c) 2.0 ± 0.5 (b, c) 1.8 ± 0.5 (b) 1.6  ± 0.8 (b, c) 
27% H2O2/2.0% PAA 100 ppm 0.9 ± 0.5 (c, d) 2.6 ± 0.5 (b) 1.5 ± 0.5 (b) 0.9  ± 0.7 (b, c, d) 
Quaternary 
Ammonium Chloride 
 
300 ppm 
 
2.4 ± 0.5 (b) 
 
2.3 ± 0.4 (b) 
 
0.8 ± 0.5 (b) 
 
2.1 ± 0.5 (b) 
Organic Acid/Emulsifier 0.78% 0.8 ± 0.5 (d) 2.8 ± 0.5(b) 1.2 ± 0.5 (b) 1.5  ± 0.6 (b, c) 
Acetic Acid/PAA/ H2O2 0.78% 2.3 ± 0.5 (b, c) 2.8 ± 0.4 (b) 1.2 ± 0.5 (b) 0.3  ± 0.5 (c, d) 
a,b,c Different letters indicate significant differences (p < 0.05) between Log reductions within the same column.  
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Figure 1. Viable count of E. coli O157:H7 on melon surfaces following treatment with 
chemical sanitizer for 2 minutes.b* 
Sanitizer identification: (A) Amine Z, (B) Sanidate 12.0, (C) Birkoside MP-2, (D) Liquid 
Chlorine Dioxide, (E) Hydrogen Peroxide, (F) StorOx 2.0, (G) Prosan, (H) Water, (I) 
Sodium Hypochlorite, (J) No treatment control 
bEach reported value for viable count represents the mean of three independent 
replications of the experiment.  
*Bars with different letters (a, b, c, d) indicate significant differences (P < 0.05) 
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Figure 2. Viable count of Listeria innocua on melon surfaces following treatment with 
chemical sanitizer for 2 minutes.b 
aSanitizer identification: (A) Hydrogen Peroxide, (B) Sodium Hypochlorite, (C) Sanidate 
12.0, (D) StorOx 2.0, (E) Prosan, (F) Birkoside MP-2, (G) Water, (H) Amine Z, (I) Liquid 
Chlorine Dioxide, (J) No treatment control 
bEach reported value for viable count represents the mean of three independent 
replications of the experiment.  
*Bars with different letters (a) indicate significant differences (P < 0.05) 
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Figure 3. Viable count of Non-O157 STEC on melon surfaces following treatment with 
chemical sanitizer for 2 minutes.b* 
aSanitizer identification: (A) Amine Z, (B) Sanidate 12.0, (C) Hydrogen Peroxide, (D) 
Liquid Chlorine Dioxide, (E) Prosan, (F) StorOx 2.0, (G) Sodium Hypochlorite, (H) 
Birkoside MP-2, (I) No treatment control, (J) Water 
bEach reported value for viable count represents the mean of three independent 
replications of the experiment.  
*Bars with different letters (a, b, c) indicate significant differences (P < 0.05) 
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Figure 4. Viable count of Salmonella spp. on melon surfaces following treatment with 
chemical sanitizer for 2 minutes.b* 
aSanitizer identification: (A) Birkoside MP-2, (B) Prosan, (C) StorOx 2.0, (D) Amine Z, (E) 
Liquid Chlorine Dioxide, (F) Sanidate 12.0, (G) Hydrogen Peroxide, (H) Sodium 
Hypochlorite, (I) No treatment control, (J) Water 
bEach reported value for viable count represents the mean of three independent 
replications of the experiment.  
*Bars with different letters (a, b, c) indicate significant differences (P < 0.05) 
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Figure 5. Viable count of E. coli O157:H7 on cantaloupe surfaces following treatment 
with chemical sanitizer for 2 minutes.b* 
Sanitizer identification: (A) Sanidate 12.0, (B) Birkoside MP-2, (C) Amine Z, (D) Prosan, 
(E) Hydrogen Peroxide, (F) Water, (G) Sodium Hypochlorite, (H) Liquid Chlorine Dioxide, 
(I) StorOx 2.0, (J) No treatment control 
bEach reported value for viable count represents the mean of three independent 
replications of the experiment.  
*Bars with different letters (a, b, c, d) indicate significant differences (P < 0.05) 
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Figure 6. Viable count of E. coli O157:H7 on watermelon surfaces following treatment 
with chemical sanitizer for 2 minutes.b* 
Sanitizer identification: (A) Liquid Chlorine Dioxide, (B) Amine Z, (C) Birkoside MP-2, (D) 
Sanidate 12.0, (E) Hydrogen Peroxide, (F) StorOx 2.0, (G) Sodium Hypochlorite, (H) No 
treatment control, (I) Prosan, (J) Water 
bEach reported value for viable count represents the mean of three independent 
replications of the experiment.  
*Bars with different letters (a, b, c) indicate significant differences (P < 0.05) 
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Figure 7. Viable count of Listeria innocua on cantaloupe surfaces following treatment 
with chemical sanitizer for 2 minutes.b* 
aSanitizer identification: (A) Water, (B) Hydrogen Peroxide, (C) Sodium Hypochlorite, (D) 
Sanidate 12.0, (E) Birkoside MP-2, (F) Amine Z, (G) Liquid Chlorine Dioxide, (H) Prosan, (I) 
StorOx 2.0, (J) No treatment control 
bEach reported value for viable count represents the mean of three independent 
replications of the experiment.  
*Bars with different letters (a, b, c, d) indicate significant differences (P < 0.05) 
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Figure 8. Viable count of Listeria innocua on watermelon surfaces following treatment 
with chemical sanitizer for 2 minutes.b* 
aSanitizer identification: (A) Hydrogen Peroxide, (B) StorOx 2.0, (C) Prosan, (D) Sodium 
Hypochlorite, (E) Sanidate 12.0, (F) Amine Z, (G) Liquid Chlorine Dioxide, (H) Birkoside 
MP-2, (I) No treatment control, (J) Water 
bEach reported value for viable count represents the mean of three independent 
replications of the experiment.  
*Bars with different letters (a, b) indicate significant differences (P < 0.05) 
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Figure 9. Viable count of Non-O157 STEC on cantaloupe surfaces following treatment 
with chemical sanitizer for 2 minutes.b* 
aSanitizer identification: (A) Water, (B) Sanidate 12.0, (C) Amine Z, (D) Birkoside MP-2, 
(E) Hydrogen Peroxide, (F) Prosan, (G) Liquid Chlorine Dioxide, (H) Sodium Hypochlorite, 
(I) No treatment control, (J) StorOx 2.0 
bEach reported value for viable count represents the mean of three independent 
replications of the experiment.  
*Bars with different letters (a, b) indicate significant differences (P < 0.05) 
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Figure 10. Viable count of Non-O157 STEC on watermelon surfaces following treatment 
with chemical sanitizer for 2 minutes.b * 
aSanitizer identification: (A) Amine Z, (B) Liquid Chlorine Dioxide, (C) Prosan, (D) StorOx 
2.0, (E) Hydrogen Peroxide, (F) Sanidate 12.0, (G) Sodium Hypochlorite, (H) No 
treatment control, (I) Birkoside MP-2, (J) Water 
bEach reported value for viable count represents the mean of three independent 
replications of the experiment.  
*Bars with different letters (a, b, c, d) indicate significant differences (P < 0.05) 
 
 
 
 
 
 
 
 
 
145 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Viable count of Salmonella spp. on cantaloupe surfaces following treatment 
with chemical sanitizer for 2 minutes.b * 
aSanitizer identification: (A) Prosan, (B) StorOx 2.0, (C) Sanidate 12.0, (D) Birkoside MP-2, 
(E) Liquid Chlorine Dioxide, (F) Sodium Hypochlorite, (G) Hydrogen Peroxide, (H) Amine 
Z, (I) No treatment control, (J) Water 
bEach reported value for viable count represents the mean of three independent 
replications of the experiment.  
*Bars with different letters (a, b, c) indicate significant differences (P < 0.05) 
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Figure 12. Viable count of Salmonella spp. on watermelon surfaces following treatment 
with chemical sanitizer for 2 minutes.b* 
aSanitizer identification: (A) Amine Z, (B) Birkoside MP-2, (C) Liquid Chlorine Dioxide, (D) 
Prosan, (E) StorOx 2.0, (F) Hydrogen Peroxide, (G) Sanidate 12.0, (H) Sodium 
Hypochlorite, (I) Water, (J) No treatment control 
bEach reported value for viable count represents the mean of three independent 
replications of the experiment.  
*Bars with different letters (a, b, c, d, e, f) indicate significant differences (P < 0.05)
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CHAPTER 4: USE OF PRODUCE WASHES TO EXTEND SHELF LIFE AND QUALITY OF 
CANTALOUPE AND WATERMELON 
 
Modified from: 
Svoboda. A., A. Mendonca, L. Wilson, A. Nair, and A. Shaw. 2015. Use of produce washes 
to extend shelf life and quality of cantaloupe and watermelon. J. Food Quality. In 
Review. 
 
Abstract 
Concern over microbial safety in the melon industry has prompted the use of 
intervention treatments to reduce foodborne pathogens. New formulations of 
antimicrobial treatments have created more variety for melon producers to utilize in 
production. However, depleted produce quality has been reported following use of 
strong sanitizers. This has caused hesitation for producers to utilize these products, 
choosing product quality over safety interventions. The shelf life and quality of melons is 
directly correlated to the amount of fungal presence. This research evaluated the ability 
of three commercial produce washes to reduce natural yeast and mold populations on 
the surface of whole cantaloupe and watermelon with a goal of increasing shelf life and 
quality. Microbial analysis for fungal presence along with instrumental measurements of 
texture and color were utilized to determine shelf life and quality over 21 days. Results 
indicated no reductions of fungal contaminants and no changes in firmness or color of 
melons following treatments over the time of the study (P>0.05). Results provide no 
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evidence of shelf life extension and no negative affect to sensory attributes of melons. 
Growers can be assured that quality of melons will be maintained throughout shelf life 
when using the tested washes. Information provided by this work will be utilized to 
communicate benefits of produce wash use to growers and packers in the melon 
industry, and promote sanitation and safe handling practices through extension 
education.  
 
Introduction 
Cantaloupe and watermelon are popular fruits world-wide and combined, are 
the third most consumed fruit in the United States (USDA ERS, 2012). Melons have 
varying surface structures, ranging from a complex network of raised tissue commonly 
called a “net” to a surface that is naturally smooth and waxy. These rind characteristics 
influence the ability of microorganisms to bind to the surface, survive washing and 
antimicrobial treatments, and grow on melons. While innately different in exterior 
surfaces, melons share similarities. They grow on the ground and frequently come into 
contact with microflora naturally found in the soil, including human pathogens as well as 
spoilage organisms. Pathogenic microorganisms are of great concern to the melon 
industry and researchers alike, due to the increase in foodborne outbreaks attributed to 
these fruit in recent years (CDC, 2012; 2013). However, fungal contaminants (yeast, 
mold) have been identified as the main cause of post-harvest quality loss in whole 
melons (Richards and Beuchat, 2005a; b).  
149 
 
 
 
Previous work has shown promise in the use of produce washes on the surface 
of melons to reduce foodborne pathogens and yeast/mold populations, improving food 
safety. Fan and group (2009) reported reductions of yeast and mold counts using 
chlorine and peroxyacetic acid treatments on whole cantaloupe up to 11 days of 
storage. The use of hydrogen peroxide reduced total microbial populations on the 
surface of cantaloupe resulting in a 14 day shelf life (Sapers et al. 2001), and Brown and 
Schubert (1987) demonstrated reduction of spoilage microorganisms on oranges 
treated with quaternary ammonium, comparable to chlorine.  Our laboratory has shown 
that produce washes were equally effective on both smooth and netted melon types for 
pathogenic bacteria; E.coli O157:H7, Salmonella, and Listeria spp. (data not published). 
Acid and hydrogen peroxide combinations and quaternary ammonium (Quat) washes 
were shown to be most effective for pathogen reduction and showed potential for yeast 
and mold reductions (Svoboda et al. unpublished observations). 
However, the use of produce wash treatments has been reported to negatively 
affect quality attributes of produce. Fan and group (2009) reported fungal reductions, 
but also noted sensory reductions of aroma and appearance in melons treated with 
peroxyacetic acid. Other researchers have shown loss of color and texture in leafy 
greens and berries after treatment with acids and hydrogen peroxide (Guan et al. 2010; 
Alexandre et al. 2012a; 2012b). Quality and shelf life of melons is a serious concern to 
growers as shorter shelf life leads to profits lost due to food waste (Doganis et al. 2006). 
Quality attributes such as flavor, juiciness, texture, and color contribute to a consumer’s 
desire to purchase the fruit (Fonseca and Rushing, 2006; Pardo et al. 1997; Ukuku and 
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Fett, 2002). These characteristics will ultimately play a large role in a grower’s ability to 
make a profit. Shelf life of whole cantaloupe and watermelon is generally 14-21 days 
when stored at optimal conditions (UC Davis, 2013), but is greatly reduced to 7-12 days 
after transit and sale through the market.  
The objective of this research was to compare three produce washes 
(peroxyacetic acid/hydrogen peroxide combination, peroxyacetic acid/acetic 
acid/hydrogen peroxide combination, or quaternary ammonium) for their ability to 
maintain or improve sensory attributes and improve cantaloupe and watermelon shelf 
life through yeast and mold reductions.  
 
Materials and Methods 
Melons 
Melons (cantaloupe, netted type and watermelon) were obtained pre-cooled 
from a local wholesaler within 24 hours of harvest. No melons utilized in this study had 
previous antimicrobial treatment applications but one cantaloupe source had been 
treated with a hot water wash. Immediately prior to use melons were washed under 
cool running tap water and lightly scrubbed to remove visible soil to mimic industry 
packing house practices.  
 
Produce Washes 
Produce washes were obtained or purchased from respective suppliers and 
diluted in sterile deionized water (pH 7.2 ± 0.1 unit) according to supplier 
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recommendations and industry standards. Tested produce washes included a 
quaternary ammonium product (FS Amine Z™; diluted to 300 ppm according to 
manufacturer directions) (Zep®, Atlanta, GA), a hydrogen peroxide and peroxyacetic 
acid combination (SaniDate® 12.0; diluted to 100 ppm peroxyacetic acid according to 
manufacturer directions) (BioSafe Systems LLC, East Hartford, CT), and an acetic acid, 
peroxyacetic acid, and hydrogen peroxide combination (Birkoside MP-2; diluted to 
0.78% by weight) (Birko®, Henderson, CO). Validation of concentration throughout 
experiment was conducted as recommended by supplier recommendations.  These 
recommendations were utilized because suppliers provided data supporting 
effectiveness at these levels and are below the federal standards found in 21 CFR Part 
173 for direct application in food for human consumption. A total of six melons (either 
cantaloupe or watermelon) were treated with each batch of diluted sanitizer to ensure 
concentrations were not reduced during the experiment. 
 
Produce Treatment and Storage of Melons 
Melons were treated with produce washes by dipping in prepared solutions and 
using constant agitation for 2 minutes to imitate industry practices. Following 
treatments, melons were allowed to air dry for 30 minutes prior to analysis or storage. 
All melons were held in bunches of 9, in clean cardboard boxes (cantaloupe at 4 °C, 
watermelon at 13 °C) at 90% relative humidity.  
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Microbial, Texture, and Color Analyses 
Following treatment, melons were sampled on days 0 (30 minutes following 
treatment), 7, 14, and 21. Microbial samples were taken by randomly removing 
approximately 60 rind plugs using a sterile stainless steel apple cork-borer (Mercer 
Cutlery; Deer Park, NY). The flesh was removed from the rind plugs using a sterilized 
knife and discarded. Rind samples were then collected for a total weight of 25g and 
homogenized with 225mL BPW using a sanitized commercial blender (Oster, Sunbeam 
Products; Boca Raton, FL) at high speed for 1 minute. Melon homogenates were then 
sampled by performing serial dilutions in buffered peptone water (BPW) (HiMedia; 
Mumbai, India), and plating onto Dichloran Rose Bengal Chloramphenicol (DRBC) agar 
(EMD Chemicals Inc.; Darmstadt, Germany) and incubating at 25°C for 5 days.  
Instrumental texture measurements were utilized for melon quality analysis as 
described previously (Beaulieu et al. 2004; Lingnou et al. 2014). On all sampling days 
(day 0, 7, 14, and 21), texture analysis (firmness) was conducted on both the rind 
surface and the flesh using an Instron Universal Testing Machine, model 5566 (Instron 
Corporation; Norwood, MA). A five-point star probe 1 cm across, on a 10 kN load cell 
was utilized with a crosshead speed of 200 mm/min. The force was measured 20% into 
the thickness of the melon, and maximum force (Kgf) was recorded. For the melon rinds, 
three random locations on the surface of the melon were sampled by turning the melon 
¼ turns and avoiding locations softened by laying directly on the ground. Flesh analysis 
was conducted similar to Pardo and group (1997), with slight modifications. Following 
rind analysis, the same melon was cut down the center of the melon (slip location), the 
153 
 
 
 
flesh firmness was measured by puncturing a total of six locations in a clockwise 
rotation starting at the area below the slip. Flesh measurements were taken 2 cm in 
from the rind of the melon to avoid inconsistencies within the melon location relative to 
the rind, and distance from the seeded center for the cantaloupe. For watermelon, care 
was taken to avoid seeds if located in the flesh.  
Color analysis was also conducted by measuring Hunter L*, a*, and b* scores in 
three locations on the surface of each melon in triplicate, using a MiniScan portable 
colorimeter (HunterLab; Reston, VA), standardized with black and white control tiles 
using D65 lighting source with a 10° viewing angle. Care was taken to sample 
watermelon surfaces randomly, to analyze both green and white stripes in sampling for 
an overall average.  
 
Statistical Analysis 
Analysis was conducted in triplicate for both cantaloupe and watermelon for 
each tested produce wash.  For all analysis, counts and values were obtained, means 
and standard deviations calculated within replicate analysis. Bacterial reduction, rind 
and flesh maximum force, and rind color was analyzed using PROC GLM for Tukey mean 
separation of sanitizer treatments. Analysis was performed using SAS 9.3 software (SAS 
Institute; Cary, NC).  
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Results and Discussion 
Shelf life and quality are a large concern in the melon industry. It is estimated 
that loss of fresh fruit (waste) at retail can range from 11-25% for the melon industries 
(USDA ERS, 2009). The use of produce washes may improve the retention of this 
product in the market through reduction of spoilage organisms and extension of shelf 
life. However, concern has been raised over the use of produce washes resulting in 
reduced quality through softening and discoloring of fruits. Guan and group (2010) 
reported appearance and texture effects on lettuce treated with acids, which rendered 
the product unacceptable due to sogginess and softening during storage. Reductions in 
color and anthocyanin content was noted in strawberries treated with hydrogen 
peroxide, though no negative effects were found in bell peppers or watercress following 
the same treatments (Alexandre et al. 2012a; b). Additionally, Fan and group (2009) 
observed sensory reductions in aroma and appearance of fresh cut melon treated with 
peroxyacetic acid.  
No significant reductions in yeast and mold counts were observed between the 
produce wash treatments and control at a given day, or across the duration of this shelf 
life study (Table 1). These results are similar to those reported by Fan and group (2009), 
who saw an initial reduction of yeast and mold populations on whole cantaloupe 
following treatment with peroxyacetic acid, but saw no differences between the control 
and treatment during storage of 7-14 days. In addition, treatment with hydrogen 
peroxide has been reported to have minimal reductions (0.5 log or less) of yeast and 
mold populations on whole cantaloupe (Ukuku, 2006).  Additional studies have found 
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that produce washes (chorine, acidified sodium chlorite, acidified calcium sulfate), 
modified atmosphere (chlorine dioxide gas treatment, and high oxygen, high carbon 
dioxide) and antimicrobial films (encapsulated essential oils) in packaging and use of 
biopreservatives such as natural fruit microbiota have also reported improved shelf life 
retention of melons resulting from decreased microbial contaminants with no significant 
reductions in sensory quality (Abadias et al. 2014; Fan et al. 2009; Mahmoud et al. 2008; 
Zhang et al. 2013; Moreira et al. 2014). Produce washes tested in this study were not as 
effective for yeast and mold reduction as previous reports. Though a reduction in fungal 
presence and increase in shelf life was not observed, quality of melons remained 
acceptable throughout the perceived shelf life of the testing period. 
In this study, no consistent changes occurred in melon rind or flesh firmness 
(Table 2), or in Hunter color scores (Tables 3 and 4) over the sampling times or between 
sanitizer treatments. These results are in contrast to previous study results (Guan et al. 
2010; Fan et al. 2009; Alexandre et al, 2012a; b) in which negative effects to firmness 
and color were reported. These results can be explained by variations in produce 
surface (presence or absence of wax and protective cell layers), sensitivities of various 
plant cells in relation to pigment presence and stability, and type of processing (whole 
vs. cut product). Results of this study are supported by Ukuku research group which 
found no change in cantaloupe and honeydew melon appearance and acceptability 
when treated with hydrogen peroxide (Ukuku, 2004), as well as research by 
Venkitanarayanan (2002) who reported no sensory or quality degradations of produce 
treated with a hydrogen peroxide/acid combination.   
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Overall, the use of quaternary ammonium (FS Amine Z™), hydrogen 
peroxide/peroxyacetic acid combination (SaniDate® 12.0), or acetic/peroxyacetic acids 
and hydrogen peroxide combination (Birkoside™ MP-2) produce washes did not indicate 
an improved shelf life of watermelon and cantaloupe resulting from decreased fungal 
loads. But the tested produce washes also did not affect quality characteristics (firmness 
and color), indicating that they would not negatively affect the quality of melons. 
Results of this study will be communicated with melon growers, as a reassurance that 
produce washes utilized to improve melon food safety will not negatively affect the 
product quality, but also may not improve melon shelf life. The increased cost of these 
methods may be cost-beneficial only to higher-premium products such as fresh-cut 
melons. However, studies should be conducted to determine the transfer of produce 
washes from the rind surface to flesh during cutting and possible sensory reduction on 
fresh-cut fruit. 
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Tables 
 
 
 
 
 
 
 
 
 
 
Table 1. Yeast and mold presence (log cfu/gram) over 14-21 day shelf life on cantaloupe 
and watermelon surfaces following treatment with produce washes and stored at 4°C 
and 13°C, respectively. 
Sampling Day a Sanitizer Cantaloupe Watermelon 
Day 1 Controlb 5.3 ± 0.7 3.7 ± 1.0 
H2O2/PAAc 5.4 ± 0.9 3.9  ± 0.6 
H2O2/PAA/Acetic Acid 4.4 ± 1.4 3.7 ± 1.2 
Quat. Ammoniumd 4.6 ± 0.7 4.4 ± 1.0 
Day 7 Control 5.4 ± 1.0 5.5 ± 1.4 
H2O2/PAA 5.2 ± 1.5 5.8 ± 0.9 
H2O2/PAA/Acetic Acid 4.7 ± 1.8 4.3 ± 0.6 
Quat. Ammonium 6.0 ± 1.5 5.2 ± 0.8 
Day 14 Control 5.2 ± 0.5 4.7 ± 1.3 
H2O2/PAA 7.2 ± 1.3 3.5 ± 0.9 
H2O2/PAA/Acetic Acid 6.0 ± 2.5 5.2 ± 1.2 
Quat. Ammonium 6.9 ± 0.9 5.7 ± 1.0 
Day 21 Control 6.2 ± 1.6 N/A 
H2O2/PAA 6.2 ± 1.4 N/A 
H2O2/PAA/Acetic Acid 6.3 ± 1.9 N/A 
Quat. Ammonium 6.9 ± 0.5 N/A 
a No significant differences were seen in yeast/mold presence for cantaloupe or 
watermelon treatments (P>0.05) 
b Control represents a distilled water wash 
c H2O2 represents Hydrogen Peroxide, PAA represents Peroxyacetic Acid 
d Quat. Ammonium represents Quaternary Ammonium 
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Table 2. Rind and flesh firmness (Kg of force/cm2; Kgf) of cantaloupe and watermelon following  
treatment with produce washes and stored at 4°C and 13°C, respectively, over 14-21 day shelf life study. 
Sampling 
Day a 
Sanitizer Cantaloupe 
Rind  
Cantaloupe 
Flesh 
Watermelon 
Rind 
Watermelon 
Flesh 
Day 1 Controlb 6.93 ± 2.63 1.21 ± 0.39 11.69 ± 1.30 0.96 ± 0.55 
H2O2/PAAc 7.40 ± 1.72 1.00 ± 0.38 11.52 ± 1.26 0.96 ± 0.15 
H2O2/PAA/Acetic Acid 7.11 ± 2.07 0.97 ± 0.41 12.70 ± 2.59 1.02 ± 0.19 
Quat. Ammoniumd 7.16 ± 2.19 1.39 ± 0.61 11.99 ± 2.57 0.78 ± 0.08 
Day 7 Control 7.30 ± 4.45 1.25 ± 0.66 11.02 ± 1.21 0.92 ± 0.17 
H2O2/PAA 7.11 ± 1.63 1.05 ± 0.54 10.86 ± 0.97 0.95 ± 0.15 
H2O2/PAA/Acetic Acid 5.78 ± 0.95 1.06 ± 0.34 11.11 ± 0.20 0.87 ± 0.22 
Quat. Ammonium 4.72 ± 0.89 0.94 ± 0.27 11.85 ± 2.35 0.86 ± 0.21 
Day 14 Control 5.61 ± 1.19 0.93 ± 0.30 11.12 ± 2.16 0.83 ± 0.10 
H2O2/PAA 6.42 ± 2.35 1.49 ± 0.31 12.28 ± 2.87 0.91 ± 0.08 
H2O2/PAA/Acetic Acid 5.54 ± 1.69 1.21 ± 0.65 12.25 ± 7.07 1.04 ± 0.60 
Quat. Ammonium 3.56 ± 1.36 0.91 ± 0.35 11.02 ± 1.62 0.88 ± 0.10 
Day 21 Control 4.75 ± 1.15 1.04 ± 0.54 N/A N/A 
H2O2/PAA 3.50 ± 1.97 0.91 ± 0.13 N/A N/A 
H2O2/PAA/Acetic Acid 4.08 ± 0.42 0.91 ± 0.24 N/A N/A 
Quat. Ammonium 4.69 ± 0.74 0.91 ± 0.44 N/A N/A 
a No significant differences were seen in maximum force measurements for cantaloupe or watermelon treatments 
b Control represents a distilled water wash 
c H2O2 represents Hydrogen Peroxide, PAA represents Peroxyacetic Acid 
d Quat. Ammonium represents Quaternary Ammonium 
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Table 3. Color values (Hunter parameters) of cantaloupe rind following treatment with produce  
washes and stored at 4°C, over 21 days. 
Sampling Day a Sanitizer L* a* b* 
Day 1 Controlb 68.08 ± 2.70 0.79 ± 3.73 26.55 ±5.32 
H2O2/PAAc 67.96 ± 1.76 1.53 ± 1.83 25.74 ± 2.10 
H2O2/PAA/Acetic Acid 68.53 ± 1.34 1.78 ± 3.20 28.87 ± 6.27 
Quat. Ammoniumd 66.70 ± 1.23 2.45 ±2.98 28.49 ± 2.98 
Day 7 Control 69.20 ± 1.85 1.82 ± 1.84 26.33 ± 2.26 
H2O2/PAA 70.39 ± 1.36 1.53 ± 1.83 29.06 ± 1.37 
H2O2/PAA/Acetic Acid 69.88 ± 0.61 2.67 ±  2.34 28.46 ± 2.03 
Quat. Ammonium 69.90 ± 1.60 3.30 ± 1.92 28.81 ± 0.44 
Day 14 Control 67.35 ± 1.99 2.25 ± 2.04 27.67 ± 2.94 
H2O2/PAA 66.42 ± 1.11 2.72 ± 1.21 27.24 ± 0.43 
H2O2/PAA/Acetic Acid 64.79 ± 3.28 2.01 ± 2.56 25.46 ± 4.51 
Quat. Ammonium 65.17 ± 0.69 2.37 ± 1.61 25.92 ± 3.05 
Day 21 Control 65.83 ± 3.14 2.37 ± 2.33 25.81 ± 5.25 
H2O2/PAA 61.56 ± 6.88 2.54 ± 1.09 23.98 ± 4.03 
H2O2/PAA/Acetic Acid 67.78 ± 3.20 2.94 ± 0.55 28.78 ± 0.76 
Quat. Ammonium 68.26 ± 2.43 1.85 ± 0.83 26.70 ± 2.86 
a No significant differences were seen in yeast/mold presence for cantaloupe or watermelon treatments (P>0.05) 
b Control represents a distilled water wash 
c H2O2 represents Hydrogen Peroxide, PAA represents Peroxyacetic Acid 
d Quat. Ammonium represents Quaternary Ammonium 
L*: lightness, a*: red-green-ness, b*: blue-yellow-ness 
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Table 4. Color values (Hunter parameters) of watermelon rind following treatment with produce  
washes and stored at 13°C, over 14 days. 
Sampling Day a Sanitizer L* a* b* 
Day 1 Control 41.10 ± 8.96 -11.91 ± 4.76  20.08 ± 11.99 
H2O2/PAA 41.37 ± 8.26 -13.31 ± 3.76  22.77 ± 9.25 
H2O2/PAA/Acetic Acid 41.82 ± 10.12 -12.51 ± 3.13  21.77 ± 8.22 
Quat. Ammonium 40.75 ± 9.28 -11.83 ± 3.20  20.32 ± 8.98 
Day 7 Control 41.17 ± 3.82 -13.78 ± 3.52  23.68 ± 8.25 
H2O2/PAA 41.49 ± 12.73 -12.67 ± 2.84  22.13 ± 10.63 
H2O2/PAA/Acetic Acid 44.65 ± 8.55 -14.03 ± 2.30  25.33 ± 6.17 
Quat. Ammonium 42.05 ± 8.36 -15.55 ± 2.01  28.51 ± 8.58 
Day 14 Control 40.78 ± 12.03 -13.39 ± 4.12  24.53 ± 11.13 
H2O2/PAA 62.72 ± 31.90 -12.65 ± 1.55  23.94 ± 6.33 
H2O2/PAA/Acetic Acid 38.38 ± 5.45 -13.63 ± 3.80  24.78 ± 9.49 
Quat. Ammonium 48.67 ± 3.47 -14.18 ± 2.35 32.36 ± 3.97 
a No significant differences were seen in yeast/mold presence for cantaloupe or watermelon treatments (P>0.05) 
b Control represents a distilled water wash 
c H2O2 represents Hydrogen Peroxide, PAA represents Peroxyacetic Acid 
d Quat. Ammonium represents Quaternary Ammonium 
L*: lightness, a*: red-green-ness, b*: blue-yellow-ness 
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CHAPTER 5: THE DEATH RATE OF FOODBORNE PATHOGENS EXPOSED TO CHEMICAL 
PRODUCE SANITIZERS AS A RESULT OF CELLULAR LEAKAGE  
 
Abstract 
The produce industry has seen increased concern over the microbial safety of fresh 
fruits and vegetables, resulting in a push for the use of effective sanitizers to reduce the 
presence of foodborne pathogens. Multiple produce sanitizers created by the 
combination of active antimicrobial agents are available for produce growers, but the 
mechanism of action these sanitizers utilize is less understood than those of the more 
common antimicrobial agents. Understanding the mechanism of action of these 
sanitizers will allow for better understanding of the effect they may have on treated 
produce as well as optimization for their use in the produce industry. This study set out 
to identify if cell cytoplasmic membrane destruction was the antimicrobial mechanism 
of action utilized by commercially available produce sanitizers (sodium hypochlorite, 
hydrogen peroxide, peroxyacetic acid/hydrogen peroxide combinations, organic 
acid/emulsifier combination, quaternary ammonium, and peroxyacetic acid/acetic 
acid/hydrogen peroxide) against bacterial foodborne pathogens. Prior to cellular 
leakage analysis, minimum bactericidal concentration (MBC) of sanitizers was 
determined by dilution methods and determining cell viability by plating onto non-
selective agar after sanitizer treatment. To measure cell viability and cellular leakage, 
cell aliquots were collected at timed intervals (15 seconds, 30 seconds, 1, 2, 3, 5, and 8 
minutes after cell treatment). Cell viability was measured by diluting and plating on non-
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selective agars. Cellular leakage was measured by filtering of cell collections and 
measuring presence of A260 absorbing material. Results indicated that cell viability of E. 
coli O157:H7, non-O157 STEC, L. innocua, and Salmonella spp. decreased with time 
following treatment with chemical sanitizers. Cellular leakage of A260 absorbing material 
was found to result in cells treated with quaternary ammonium treatment, but not 
sodium hypochlorite, hydrogen peroxide, acid/hydrogen peroxide combinations, or 
organic acid/emulsifier combination sanitizers. Additional work analyzing possible 
alternative mechanisms of action that these sanitizers may utilize is needed.   
 
Introduction 
Bacterial foodborne pathogens are a major concern in the produce industry. 
Fresh produce and nut consumption is linked to 46% of the reported 48 million 
foodborne illnesses each year in the U. S. (Painter et al., 2013). The use of antimicrobial 
compounds to reduce the presence of these pathogens through a sanitizer application is 
a common intervention utilized in the produce industry. With an increase in consumer 
awareness and demand for safe and wholesome foods, fruit and vegetable producers 
are in need of sanitizers that are effective against a broad range of foodborne 
pathogens and do not negatively affect the quality of their product.    
Common antimicrobial agents utilized in chemical sanitizers for the food industry 
include sodium hypochlorite, hydrogen peroxide, organic acids, and ammonium chloride 
compounds. Multiple produce sanitizers are available in the market that utilize these 
active agents, but adoption of these products in the produce industry has been slow. 
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Concern over high concentrations of active ingredients and negative sensory quality 
effects on sensitive produce products have been expressed (Fan et al., 2009, Guan et al., 
2010; Alexandre et al., 2012a; 2012b). The combination of antimicrobial agents in 
chemical sanitizer solutions holds promise for providing a hurdle concept for broad 
bacterial destruction, without experiencing the negative quality results of high 
concentration use (Leistner, 2000). Understanding the mechanism of action 
antimicrobials utilize is important in creating effective combinations for sanitizer 
solutions, as well as an understanding of the effect they may have on treated product.  
The mechanisms of action that many antimicrobials utilize for cellular 
destruction have been well characterized (Pearce et al., 1999; Maillard, 2002). Sodium 
hypochlorite is an oxidizing agent which acts to irreversibly modify thiol groups in 
enzymes essential to intracellular functions, and plays a role in disruption of the cellular 
membrane through degradation of fatty acids in the phospholipid bilayer (Estrela et al., 
2002). Hydrogen peroxide is a known oxidizing agent, its dissociation in solution forms 
hydroxyl radicals which oxidize thiol groups in proteins and enzymes on the cell 
membrane surface. Hydrogen peroxide has also been associated with disruption of the 
osmotic pressure within the cell, leading to damage of the membrane and eventual cell 
“bursting” (Turner, 1983; Maillard, 2002). In general, acids act to disrupt cellular 
functions by a change in pH balance. Acids produce protons that pass across the cell 
membrane, leading to neutralization of the proton motive force as well as acidification 
of the cytoplasm and denaturation of essential proteins (Salmond et al., 1984; Eklund, 
1985; Maris, 1995). Ammonium chloride compounds such as alkyl dimethyl benzyl 
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ammonium chloride, alkyl dodecyl dimethyl ammonium chloride, and dodecyl dimethyl 
ammonium chloride have been shown to interact with the cellular membrane, causing 
irreversible changes in structure of phospholipids and proteins which affects the 
permeability of the membrane and leads to leakage of intracellular components (Davies 
et al., 1968; Maris, 1995; Tattawasart et al., 1999). 
Commercially available sanitizers have combined antimicrobial agents to 
improve overall efficacy. Examples include the combination of hydrogen peroxide and 
acids at various concentrations (StorOx® 2.0, Sanidate® 12.0, Birkoside® MP-2), 
quaternary ammonium chloride (Zep FS Amine Z™), and the combination of ammonium 
chloride and ethanol (Prosan®). Research has shown the efficacy of these combination 
sanitizers against a broad range of foodborne pathogens (Svoboda et al., unpublished 
data), but the antimicrobial mechanism of action these sanitizers with multiple 
antimicrobial agents utilize is not well understood. It is unclear if known mechanisms of 
destruction are utilized, or if multiple, additional interactions are occurring to result in 
bacterial death. A better understanding of the mechanism these sanitizers utilize will 
allow for optimization of application concentrations, methods, and parameters for the 
produce industry and may provide insight to the potential for use in additional food 
products.   
To complete this study, we first identified minimum bactericidal concentrations 
(MBC) of each sanitizer. The MBC can be utilized to identify the first cellular reactions 
that may be resulting from the bactericidal or bacteriostatic antimicrobial effects 
(Maillard, 2002), but has also been utilized to determine optimal concentrations of 
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antimicrobials to achieve the desired end goal such as microbial reduction with minimal 
sensory or quality changes of a particular food (Lambert et al., 2001).  
The objectives of this study were to 1) identify minimum bactericidal 
concentrations (MBC) of commercially available produce sanitizers for foodborne 
pathogens, and 2) determine if cytoplasmic membrane damage resulting in cellular 
leakage was linked to the bactericidal effect of the sanitizers on foodborne pathogens.  
 
Materials and Methods 
Bacterial Strains and Culture Conditions 
Preparation of bacterial strains and application of sanitizers for MBC 
determination and A260 cellular leakage analysis was conducted according to White 
(2011) with modifications. Four bacterial inoculums were utilized for this study, and 
included E. coli, Salmonella, and Listeria. The first bacterial inoculum consisted of E. coli 
O157:H7 (ATCC strains 35150, 43895, and 43890), the second consisted of six strains of 
non-O157 shiga-toxin producing E. coli (STEC) (O26:H11, O45:H2, O103:H2, O111:H2, 
O121:H19, and O145NM, Michigan State University STEC Center Database), the third 
consisted of Listeria innocua (ATCC 33090, DD680), and the fourth consisted of 
Salmonella spp. (Typhimurium: SA 3250 and ATCC 14028, and Enteritidis: ATCC 13076). 
All cultures were obtained from the Iowa State University Microbial Food Safety 
Laboratory, maintained at -80°C in glycerol-supplemented broth media. Prior to 
inoculum preparation, individual strains were grown in Brain Heart Infusion (BHI) broth 
(HiMedia; Mumbai, India) for two consecutive 24 hour enrichments at 35°C. 
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Sanitizer Preparation 
Commercial sanitizers were obtained or purchased from respective suppliers and 
diluted in sterile 0.6% saline. Sodium hypochlorite was purchased as regular strength 
commercial bleach, and diluted to 200 ppm free chlorine. Food grade hydrogen 
peroxide at 35% (Oxy-Tech brand) was purchased and diluted to 5%. Quaternary 
ammonium (FS Amine Z™) was purchased from Zep® Company and diluted to 300 ppm 
according to manufacturer instructions. Organic acid/emulsifier combination (Pro-San®) 
was obtained from Microside®, Inc and diluted to 0.78% by weight according to 
manufacturer directions. Acetic acid/peroxyacetic acid/hydrogen peroxide combination 
(Birkoside MP-2) was obtained from Birko® Company and diluted to 0.78% by weight. 
Hydrogen peroxide/peroxyacetic acid combination (Sanidate® 12.0) was obtained from 
BioSafe Systems LLC, and diluted to 100 ppm peroxyacetic acid according to 
manufacturer directions. Hydrogen peroxide/peroxyacetic acid combination (StorOx® 
2.0) was obtained from BioSafe Systems LLC, and diluted to 100 ppm peroxyacetic acid 
according to manufacturer directions. Validation of concentration throughout 
experiment was conducted as recommended by supplier recommendations. Due to 
chemical breakdown of some sanitizers, stock solutions were made immediately prior to 
each treatment replication. Solutions were prepared by dilution into 0.6% saline and 30 
ml aliquots held in sterile tubes at 35°C for 15 minutes prior to treatment. Sanitizers, 
sources, and MBC utilized for objective 2 are provided in Table 1. 
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Preparation of Cell Suspension 
Following enrichments, cells for respective inoculums were combined and 
harvested by centrifugation (10,000 g, 10 min, 4°C) (Sorvall® Super T21, Thermo Fisher 
Scientific; Waltham, MA), washed twice and suspended in sterile 0.6% saline to obtain 
approximately 109 Log CFU/ml. The viable count of each bacterial suspension was 
determined by plating on PCA. Pre-treatment (control) samples were taken from the cell 
suspensions by removing 4 ml of the cocktail and filtering through a 22µm filter 
(Whatman, Little Chalfont, UK) and sterile plastic syringe.  
 
Application of Sanitizer to Cells  
 Each cell suspension was treated by the addition of pre-warmed sanitizer 1:1 
volume to achieve the final desired concentration of sanitizer and a final cell 
concentration of approximately 108 Log CFU/ml. Cells were immediately mixed by 
vortexing and then held at 35°C. At times 0, 30 seconds, 1, 2, 3, 5, and 8 minutes 
samples were collected by vortexing and removing 5 ml aliquots from the treatment 
tubes. From the aliquot, 1 ml was added to 9 ml of BPW, serially diluted and spread 
plated onto the PCA media. The remaining 4 ml were filtered through a 22µm filter into 
a sterile tube and held for further analysis. It should be noted that time 0 represented 
approximately 15 seconds following cell exposure to the treatment, due to time passing 
from time of bacterial treatment to retrieval of first sample. All treatments were 
replicated three times for each bacterial cocktail suspension.  
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Identification of Sanitizer Minimum Bactericidal Concentration 
Minimum bactericidal concentration (MBC) has been defined as the lowest 
concentration of a defined antimicrobial which results in reduction of microbial viability 
(Carson et al., 1995). Several methods exist for determining MBC, ranging from turbidity 
testing to micro-titer assays. Turbidity of test compounds in solution can interfere with 
results of these assays (Lambert and Pearson, 2000), which was a concern for our study. 
Using the principles of visual microbial growth defined by Collins (1964) and Davidson 
and Parish (1989) combined with the final goals of this research, we set to determine 
MBC by measurement of microbial growth on solid (agar) medium. The end-point was 
set to our experimental parameters of 8 minutes, and MBC was determined by 
observation of reduced viability (no bacterial growth) (Sommers, 1980).  
MBC of sanitizers were determined by measuring viability of one Gram negative 
(E. coli O157:H7) and one Gram positive (Listeria innocua) bacterial cocktail following 
treatment with sanitizers at decreasing concentrations. Following enrichment, cells for 
each cocktail were combined and harvested by centrifugation (10,000 g, 10 min, 4°C) 
(Sorvall® Super T21, Thermo Fisher Scientific; Waltham, MA), washed twice and 
suspended in  0.6% saline to obtain 109 log CFU/ml. The viable count of each bacterial 
suspension was determined by spread plating onto plate count agar (PCA) (HiMedia; 
Mumbai, India). Sanitizers prepared in 0.6% saline were added to the bacterial cocktail 
to reach the desired concentration and cellular count of 108 log CFU/ml. Tested 
concentrations of each sanitizer are provided in Table 1. Cells were immediately mixed 
by vortexing, and at times 0 (~15 seconds), 30 seconds, 1, 2, 3, 5, and 8 minutes, 
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samples were collected by removing 1 ml. The sample was added to 9 ml of buffered 
peptone water (BPW) (HiMedia; Mumbai, India), serially diluted and spread-plated onto 
non-selective PCA media to determine cell viability. 
 
Measurement of Cellular Leakage 
 Leakage of cytoplasmic components was measured by detection of 260 nm 
absorbing material (A260) in collected cell filtrates. UV micro cuvettes (Brand GMBH, 
Germany) containing 1 ml of cell filtrate were scanned at wavelengths of 400-230 nm 
and a scan speed of 500 nm per minutes using a UV spectrophotometer (BioMate™3; 
Thermo Scientific, Waltham, MA). Each sanitizer analysis consisted of three replications 
with duplicate readings in each replication. 
 
Measurement of Cell Viability 
 Cell viability was determined by immediately performing serial dilutions on 
treated cell suspensions representative of study collection times (0, 30 seconds, 1, 2, 3, 
5, 8 minutes) in BPW and surface plating onto nonselective PCA media.  
 
Statistical Analysis 
Each sanitizer treatment analysis included three replications with duplicate 
samples for each replication. Mean survivors of bacteria (E. coli O157:H7, Non-O157 
STEC, Listeria innocua, and Salmonella spp.) and mean cytoplasmic leakage (A260 
readings) were calculated within each replicate analysis. Treatment means were 
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evaluated for statistically significant differences using the Proc GLM test with a Tukey 
separation of means. Significant differences were defined as P < 0.05. Analysis was 
performed using SAS 9.3 software (SAS Institute; Cary, NC).  
 
Results 
Minimum Bactericidal Concentration of Sanitizers 
 The viability of E. coli O157:H7 and L. innocua decreased as time of exposure to 
sanitizers increased. The MBC was found for each sanitizer based on viability of cells 
over an 8 minute treatment time and was based on a “slow” decrease in viability over 
this time period. Sanitizer concentrations that resulted in complete inability of cells to 
remain viable for growth on the agar media before the 8 minute treatment were 
determined as above the MBC. Viable cell counts of E. coli and L. innocua following 
sanitizer treatment at determined MBC are shown in Table 2. Viable counts of E. coli 
declined more quickly than those of L. innocua when treated with hydrogen peroxide 
and Birkoside MP-2 sanitizers. Decrease in viable counts were similar for E. coli and L. 
innocua when treated with chlorine, Sanidate 12.0, and StorOx 2.0. E. coli demonstrated 
greater resistance to Prosan and AmineZ products, requiring a higher concentration of 
treatment to result in similar viability as L. innocua. Chlorine demonstrated a different 
effect on both cell types than other sanitizer treatments, resulting in rapid loss of cell 
viability immediately after application (times 0 and 30 seconds), but cell recovery 
occurred following 1 minute with viable counts stabilizing by the end of the experiment 
(8 minutes) at lower bacterial viability counts.   
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Effect of Sanitizers on Cell Viability 
 With the exception of chlorine treatment, the viability of all bacteria (E. coli 
O157:H7, non-O157 STEC, L. innocua, and Salmonella spp.) decreased as time of 
exposure to sanitizer treatments increased (Fig. 1-7; Appendix B, Table 1). Viable counts 
of bacteria declined at varying rates depending on sanitizer treatment as well as 
bacteria. The Gram positive bacteria (L. innocua) demonstrated greater viability than the 
Gram negative bacteria when treated with hydrogen peroxide, but by the end of the 
experiment (time point 8 minutes), cell counts were similar for all tested bacteria (Fig. 
2). When treated with Prosan, Salmonella spp. demonstrated decreased viable counts in 
comparison to other tested bacteria, though all cell counts were again similar by the end 
of the experiment (Fig. 5). At the end of the experiment (time-point 8 minutes), 
Birkoside MP-2 treatment resulted in lowest viable counts of both E. coli O157:H7 and 
STEC and highest viable counts of L. innocua, again indicating differences based on cell 
gram structure (Fig.7).  
 
Effect of Sanitizers on Leakage of Cytoplasmic Components 
 The amount of cytoplasmic leakage, measured by absorbance at 260 nm (A260) 
measured for each bacterial type at treatment times following application are shown in 
Table 3. AmineZ sanitizer treatment resulted in an increase of A260 material released 
from cells, but no increase in A260 material was observed for any other treatment. The 
amount of A260 also did not significantly increase or decrease with treatment time.  
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Discussion and Conclusion 
 The use of combinations of antimicrobial compounds as interventions on raw 
produce is becoming increasingly popular to improve the microbial safety of high-risk 
foods. Potential combinations include chlorine and acids, hydrogen peroxide and acids, 
and ammonium compounds. The effectiveness of these combination sanitizers against 
foodborne pathogens has been previously reported (Sapers et al., 2001; 
Venkitanarayanan, 2002; Gonzalez et al., 2004; Rodgers et al., 2004; Virto et al., 2005; 
Chaidez et al., 2007; Fan et al., 2009). Mechanisms of action specific antimicrobials 
utilize have also been extensively studied (Venkobachar et al., 1976; Salmond et al., 
1984; Eklund, 1985; Mendonca et al., 1994; Maris, 1995; Maillard, 2002). We set out to 
determine if a well-known antimicrobial mechanism; disruption of cellular membranes 
may be utilized by commercial sanitizers which contain combinations of antimicrobial 
compounds.   
Results of MBC determination indicated trends in bacterial structure affecting 
resistance to the sanitizers. The Gram positive L. innocua showed greater resistance to 
several sanitizers than did the Gram negative E. coli O157:H7. This can be seen in the 
viable cell counts of hydrogen peroxide and Birkoside MP-2 treatments where E. coli 
declined more quickly than L. innocua, and resulted in lower viable counts at the end of 
the experiment. Similar results were seen with the Sanidate 12.0 and StorOx 2.0 
treatments, where E. coli viability was further reduced at time point 2 minutes, though 
the final measurements of these sanitizers resulted in similar viability of both cell types. 
These results are consistent with previous work, which indicates that Gram positive cells 
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are often more resistant to antimicrobial treatments than Gram negative cells 
(Mendonca et al., 1994; Maillard, 2002; La Storia et al., 2001; White, 2011). However, 
the Gram negative E. coli demonstrated greater resistance to the ammonium based 
product, Amine Z. This was indicated by the higher sanitizer concentration necessary to 
decrease cell viability, as well as the higher viable cell count at the end of the 
experiment when cells were treated with the Amine Z sanitizer. Similar results were 
seen by Chaidez et al. (2007), who reported a longer contact time was necessary for 
quaternary ammonium to reduce E. coli than to reduce the Gram positive 
Staphylococcus aureus at the same concentration. This has also been reported in 
mechanism of action studies, as a result of the active agent becoming bound to Gram 
positive wall proteins, reducing the ability for the agent to enter the cell and destroy 
membrane structure or cytoplasmic constituents (Davies et al., 1968; Maris, 1995; 
Maillard, 2002). 
Chlorine demonstrated a different effect on both cell types than other sanitizer 
treatments, resulting in rapid loss of cell viability immediately after application (times 0 
and 30 seconds), but cell recovery occurred following 1 minute with viable counts 
stabilizing by the end of the experiment (8 minutes) at lower bacterial viability counts. 
These results were seen in the determination of MBC experiment as well as the cell 
viability analysis. These results are in contradiction to previous studies observing 
mechanism of action chlorine utilizes against bacterial cells (Venkobachar et al., 1976; 
Gomes et al., 2001; Estrela et al., 2003). However, one difference in this study and the 
above mentioned work is the difference in sampling times following cell treatment. Our 
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study analyzed treatment times of 15 and 30 seconds, and 1, 2, 3, 5, and 8 minutes. The 
studies not indicating a “cell recovery” phenomenon observed cell viability beginning at 
5-30 minutes, or observed viability starting at 10 seconds, but did not have follow-up 
testing time points following the observation of complete cell death. It is possible that 
additional testing times during these studies would have indicated a non-linear death 
curve of cells following chlorine treatment as was observed in this research. This is more 
evident in results seen by Virto and group (2005), who reported non-linear and slightly 
concave survival curves of Y. enterocolitica when lactic acid treatment was observed 
over a course of 5 seconds to 30 minutes. For chlorine treatment, this may be explained 
by multiple cellular target cites in the mechanism of action that sodium hypochlorite 
utilizes. Sodium hypochlorite has been reported to have immediate cellular effects 
through oxidation of thiol groups in membrane-associated proteins and enzymes, as 
well as detrimental effects on DNA synthesis which would take longer to act on cell 
functions to cause death (Fukuzaki, 2006). 
 Viability of all bacterial cell types (E. coli O157:H7, non-O157 STEC, L. innocua, 
and Salmonella spp.) decreased as time of exposure to each sanitizer treatment 
increased. Cell viability declined at varying rates depending on sanitizer treatment as 
well as bacteria. This may be explained by differences in cell structure (Maillard, 2002), 
as well as interactions that are occurring as a result of sanitizer components. Two of the 
tested sanitizers contained one main active ingredient (chlorine; sodium hypochlorite, 
and hydrogen peroxide). Three of the tested sanitizers (Sanidate 12.0, StorOx 2.0, and 
Birkoside MP-2) contained various combinations of acids and hydrogen peroxide. All 
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three of these sanitizers had a slower decrease in viable cell counts than did the 
hydrogen peroxide treatment alone. This indicates a possible interaction with bacterial 
cells and the presence of acid resulting in greater resistance to oxidative actions that 
hydrogen peroxide has against cell components. However, these combination sanitizers 
may provide an overall hurdle effect against bacterial cells, as seen through the lower 
MBC necessary for cell death as well as previous work indicating the effectiveness of the 
sanitizers used on produce (Svoboda et al., unpublished data). Prosan contains a 
combination of organic acids with an emulsifying agent, while Amine Z contains 
ammonium products. Cell viability decreased in similar rates with these two sanitizers, 
though the combination of multiple ammonium products in the Amine Z product 
indicated possible hurdle effects beyond Prosan, resulting in more rapid cell death.  
 With the exception of Amine Z treatment, results of this study did not indicate 
an increase of A260 material released from cells as cell viability decreased. Cytoplasmic 
membrane damage is associated with release of intracellular components, including 
ionic molecules and DNA particles. DNA material, or nucleic acids have a maximum 
absorption spectra of 260 nm (Ulitzur, 1972), which was the absorption material 
measured by our analysis. It is possible that the MBC utilized for sanitizers in our study 
did affect cellular membrane structure but the damage was not so to allow for 
macromolecules such as nucleic acids, rather small molecules such as potassium ions 
were released that led to cell damage and eventual death (Maris, 1995). However, the 
quaternary ammonium treament (Amine Z) resulted in significantly increased A260 
absorbance following treatment of cells. This is consistent with cytoplasmic membrane 
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damage, and has been previously reported through microscopy imaging of quaternary 
ammonium-treated cells (El-flaha et al., 1985; Takasaki et al., 1994; Tattawasart et al., 
1999).  
Absorbance is one of many methods that have been utilized to determine 
antimicrobial mechanisms of action. Additional methods include turbidity, flow 
cytometry, spectrofluorometry, and microscopy methods. Turbidity has been utilized to 
determine minimum inhibitory/bactericidal concentrations of antimicrobials, but 
interference of measurements can occur due to incomplete dissolution of the 
antimicrobial test compound (Mann and Markham, 1998).  The use of fluorescent dyes 
taken up by viable cells has been utilized to detect membrane destruction in E. coli, 
detected by measurement of fluorescence through flow cytometry (Xu et al., 2008). 
However, the use of these dyes can be affected by pH changes making them less suited 
to acid treatments. Lambert (2001) described a method of determining minimum 
inhibitory concentration (MIC; concentration required to inhibit bacterial growth, 
reducing survivability) and membrane degradation through spectrofluorometry, utilizing 
ethidium bromide, a mutagenic dye not taken up by viable cells. The use of protein dyes 
and scanning electron microscopy were utilized by Kwon and group (2003) to analyze 
cell morphology following antimicrobial treatments of B. cereus, and Gill and Holley 
(2006) used confocal laser scanning microscopy to observe membrane disruption of E. 
coli, Listeria, and Lactobacillus cells following antimicrobial treatment. White (2011) 
utilized transmission electron microscopy to visualize cell collapse following carvacrol 
treatment of E. coli and Listeria. Due to concern over turbidity caused by our tested 
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sanitizers as well as the large variety of chemical compounds utilized, a physical test 
such as scanning electron microscopy to visualize cells following treatment is of interest 
to our group for further studies.  
 Based on the results of this study, we conclude that cytoplasmic damage 
resulting in release of cellular material in the absorption spectra of 260 nm is not the 
responsible mechanism of action of the tested commercial sanitizers; chlorine, 
hydrogen peroxide, Birkoside MP-2, Sanidate 12.0, StorOx 2.0, and Prosan. However, 
the Amine Z sanitizer is associated with cytoplasmic membrane damage resulting in A260 
material leakage. Further studies investigating additional mechanisms of action and 
utilizing additional test methods may shed further light onto the mechanism that these 
sanitizers utilize for cellular destruction. In addition, future work analyzing the 
interactions these sanitizers have with plant cells may increase our knowledge of 
mechanisms of action, and lead to the development of antimicrobial treatments for 
more sensitive produce.  
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Tables and Figures 
 
Table 1. Description of commercial sanitizers, source, and concentrations tested to determine minimum bactericidal concentration (MBC). 
 
Chemical Category a 
 
Active Ingredients 
Commercial 
Name 
 
Source 
Concentrations 
Tested 
 
Identified MIC 
 
Sodium Hypochlorite 
 
Hypochlorous acid 
Commercial 
Bleach 
Commercial 
Bleach 
100 ppm, 50 ppm,   
35 ppm, 25 ppm 
 
35 ppm 
 
Hydrogen Peroxide 
 
Hydrogen Peroxide 
 
Oxy-Tech 
Eagle 
Enterprises LLC 
 
10%, 7.5%, 5%, 2.5% 
 
7.5% 
 
H2O2/Acid combination 
18.5% H2O2 
12.0% PAAb 
 
SaniDate® 12.0 
BioSafe 
Systems LLC 
100 ppm, 50 ppm,     
5 ppm  
 
5 ppm 
 
H2O2/Acid combination 
27.0% H2O2 
2.0% PAA 
 
StorOx® 2.0 
BioSafe 
Systems LLC 
100 ppm, 50 ppm,     
5 ppm 
 
5 ppm 
Quaternary Ammonium 
Chloride 
3.0% w, 1.5% x, 1.5% 
y, 4.0% z 
Zep FS  
Amine Z™ 
 
Zep® 
200 ppm, 150 ppm, 
100 ppm, 50 ppm 
200 ppm (E. coli) 
150 ppm (Listeria) 
 
Organic acid/Emulsifier 
Lactic, phosphoric, 
and citric acids 
 
Pro-San® 
 
Microside®, Inc 
1%, 0.78%, 0.5%, 
0.25% 
0.5% (E. coli)  
0.25% (Listeria) 
 
H2O2/Acid combination 
50% Acetic Acid, 
15% PAA, 4.9% H2O2 
 
Birkoside MP-2® 
 
Birko® 
0.78%, 0.2%, 0.05%, 
0.0125%, 0.006% 
 
0.006% 
a H2O2 indicates hydrogen peroxide 
b PAA indicates peroxyacetic acid 
w indicates Octyl Decyl Dimethyl Ammonium Chloride 
x indicates Didecyl Dimethyl Ammonium Chloride 
y indicates Dioctyl Dimethyl Ammonium Chloride 
z indicates Alkyl Dimethyl Benzyl Ammonium Chloride 
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Table 2. Mean bacterial counts (log CFU/mL) of E. coli O157:H7 and Listeria innocua, following sanitizer treatment at minimum bactericidal 
concentrations (MBC) measured at 0, 0.5, 1, 2, 3, 5, and 8 minutes. 
Treatment MIC Initiala 0 min 0.5 min 1 min 2 min 3 min 5 min 8 min 
Control (Saline) 0.6%         
E. coli O157:H7  9.2 ± 0.2 9.0 ± 0.1 9.0 ± 0.1  8.9 ± 0.1 8.9 ± 0.1 8.8 ± 0.0 8.8 ± 0.1 9.0 ± 0.2 
L. innocua  9.3 ± 0.0 8.9 ± 0.3 8.9 ± 0.2 8.8 ± 0.4 8.8 ± 0.4 8.8 ± 0.3 8.6 ± 0.3 8.9 ± 0.2 
Chlorine 35 ppm         
E. coli O157:H7  9.1 ± 0.3 0b ± 0.0 0 ± 0.0 0.2 ± 0.4 0.6 ± 1.0 2.3 ± 1.0 2.3 ± 0.4 1.8 ± 0.9 
L. innocua  9.1 ± 0.1 2.8 ± 4.8 0 ± 0.0 0.3 ± 0.6 0 ± 0.0 0.8 ± 0.8 1.4 ± 1.3 2.1 ± 1.0 
Hydrogen Peroxide 7.5%         
E. coli O157:H7  9.1 ± 0.2 7.6 ± 0.3 5.5 ± 1.4 4.1 ± 0.5 2.6 ± 1.7 1.5 ± 2.1 0.3 ± 0.6 0 ± 0.0 
L. innocua  9.3 ± 0.1 8.7 ± 0.1  8.3 ± 0.2 7.7 ± 0.3 4.4 ± 1.1 3.2 ± 1.0 3.4 ± 0.5 0.3 ± 0.6 
Sanidate 12.0 5 ppm (PAAc)         
E. coli O157:H7  9.1 ± 0.2 8.8 ± 0.3 8.6 ± 0.3 8.2 ± 0.7 5.3 ± 2.6 3.8 ± 2.0 1.7 ± 2.0 1.3 ± 2.3 
L. innocua  9.0 ± 0.2 8.7 ± 0.3 8.6 ± 0.3 8.1 ± 0.7 7.5 ± 1.2 6.7 ± 1.8  5.3 ± 1.7 3.6 ± 1.5 
StorOx 2.0 5 ppm (PAA)         
E. coli O157:H7  9.1 ± 0.1 8.8 ± 0.1 8.6 ± 0.2 7.5 ± 1.3 5.1 ± 0.8 3.3 ± 2.8 3.2 ± 1.4 2.5 ± 1.6 
L. innocua  8.9 ± 0.4 8.5 ± 0.4 8.2 ± 1.1 7.9 ± 1.3 7.4 ± 1.7 6.5 ± 1.4 3.8 ± 1.5 2.4 ± 2.1 
Prosan          
E. coli O157:H7 0.5% 9.2 ± 0.1 5.7 ± 0.5 5.2 ± 0.2 4.9 ± 0.5 4.6 ± 0.3 3.5 ± 0.7 1.8 ± 1.7 1.6 ± 1.5 
L. innocua 0.25% 9.0 ± 0.2 6.6 ± 0.2 5.8 ± 0.4 4.8 ± 0.5 4.2 ± 1.0 3.4 ± 0.8 2.2 ± 1.9 1.5 ± 1.3 
FS Amine Z          
E. coli O157:H7 200 ppm 9.2 ± 0.2 6.5 ± 1.0 3.2 ± 0.2 3.7 ± 0.4 4.0 ± 0.3 3.4 ± 0.7 2.4 ± 1.2 1.8 ± 1.5 
L. innocua 150 ppm 9.2 ± 0.1 7.0 ± 0.9 4.6 ± 1.2  3.6 ± 1.0 1.6 ± 1.4 1.3 ± 1.6 0.4 ± 0.7 0 ± 0.0 
Birkoside MP-2 0.006%         
E. coli O157:H7  9.1 ± 0.2 8.8 ± 0.1 8.6 ± 0.2 6.8 ± 2.4 5.1 ± 1.8 2.0 ± 2.0 0.4 ± 0.7 0 ± 0.0 
L. innocua  9.1 ± 0.3 8.9 ± 0.3 8.8 ± 0.3 8.5 ± 0.4 6.1 ± 1.9 5.0 ± 2.1  3.9 ± 1.5 1.8 ± 1.9 
a Each reported value for viable bacterial count represents the mean (± standard deviation) of three independent replications. 
b 0 indicates less than 3 CFU, the detection limit of this study 
c  PAA; Peroxyacetic Acid, concentration was based on the presence of this compound
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Figure 1. Bacterial survival after treatment with 35 ppm sodium hypochlorite in 0.6% 
saline* 
*Each reported value for viable cell count represents the mean of three independent 
replications. 
EC represents E. coli O157:H7, NON represents Non O157 STEC, LM represents Listeria 
monocytogenes, and SAL represents Salmonella 
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Figure 2. Bacterial survival after treatment with 7.5% hydrogen peroxide in 0.6% saline* 
*Each reported value for viable cell count represents the mean of three independent 
replications. 
EC represents E. coli O157:H7, NON represents Non O157 STEC, LM represents Listeria 
monocytogenes, and SAL represents Salmonella 
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Figure 3. Bacterial survival after treatment with 5 ppm Sanidate 12.0 in 0.6% saline* 
*Each reported value for viable cell count represents the mean of three independent 
replications. 
EC represents E. coli O157:H7, NON represents Non O157 STEC, LM represents Listeria 
monocytogenes, and SAL represents Salmonella 
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Figure 4. Bacterial survival after treatment with 5 ppm StorOx 2.0 in 0.6% saline* 
*Each reported value for viable cell count represents the mean of three independent 
replications. 
EC represents E. coli O157:H7, NON represents Non O157 STEC, LM represents Listeria 
monocytogenes, and SAL represents Salmonella 
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Figure 5. Bacterial survival after treatment with 0.5% Prosan in 0.6% saline* 
*Each reported value for viable cell count represents the mean of three independent 
replications. 
EC represents E. coli O157:H7, NON represents Non O157 STEC, LM represents Listeria 
monocytogenes, and SAL represents Salmonella 
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Figure 6. Bacterial survival after treatment with 150 or 200 ppm Amine Z in 0.6% saline* 
*Each reported value for viable cell count represents the mean of three independent 
replications. 
EC represents E. coli O157:H7, NON represents Non O157 STEC, LM represents Listeria 
monocytogenes, and SAL represents Salmonella 
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Figure 7. Bacterial survival after treatment with 0.006% Birkoside MP-2* 
*Each reported value for viable cell count represents the mean of three independent 
replications. 
EC represents E. coli O157:H7, NON represents Non O157 STEC, LM represents Listeria 
monocytogenes, and SAL represents Salmonella 
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Table 3. Effect of sanitizer treatments on cytoplasmic leakage of E. coli O157:H7, Non-O157 STEC, Listeria innocua, and Salmonella spp. in 0.6% 
saline measured at 0, 0.5, 1, 2, 3, 5, and 8 minutes.  
 260 nm Absorbing Material 
Treatment Controlx 0 min 0.5 min 1 min 2 min 3 min 5 min 8 min 
Chlorine         
Controly 0.03 ± 0.06  0.08 ± 0.00 a 0.08 ± 0.00 a 0.08 ± 0.00 a 0.08 ± 0.00 a 0.08 ± 0.00 a 0.08 ± 0.00 a 0.08 ± 0.00 a 
E. coli O157:H7 0.37 ± 0.44 a 0.13 ± 0.18 a 0.15 ± 0.18 a 0.13 ± 0.17 a 0.15 ± 0.22 a 0.16 ± 0.21 a 0.17 ± 0.14 a 0.14 ± 0.16 a 
STEC* 0.34 ± 0.18 a 0.18 ± 0.08 a 0.27 ± 0.03 a 0.34 ± 0.06 a 0.29 ± 0.03 a 0.30 ± 0.04 a 0.32 ± 0.10 a 0.35 ± 0.05 a 
L. innocua 0.84 ± 0.82 a 0.41 ± 0.46 a 0.17 ± 0.22 a 0.26 ± 0.16 a 0.18 ± 0.19 a 0.30 ± 0.19 a 0.27 ± 0.08 a 0.33 ± 0.13 a 
Salmonella spp. 0.68 ± 0.55 a 0.08 ± 0.11 a 0.15 ± 0.17 a 0.14 ± 0.14 a 0.13 ± 0.13 a 0.18 ± 0.11 a 0.21 ± 0.11 a 0.26 ± 0.09 a 
Hydrogen Peroxide 
Control 0.03 ± 0.06 2.50 ± 0.02 a 2.50 ± 0.02 a 2.50 ± 0.02 a 2.50 ± 0.02 a 2.50 ± 0.02 a 2.50 ± 0.02 a 2.50 ± 0.02 a 
E. coli O157:H7 0.44 ± 0.33 a 0.04 ± 0.20 a,b 0.07 ± 0.11 a,b 0.07 ± 0.15 a,b -0.02 ± 0.11 a,b 0.00 ± 0.07 a,b 0.01 ± 0.17 a,b -0.08 ± 0.19 b 
STEC 0.40 ± 0.03 a 0.01 ± 0.13 b 0.26 ± 0.13 a,b 0.03 ± 0.10 b 0.01 ± 0.08 b -0.01 ± 0.10 b -0.01 ± 0.10 b 0.03 ± 0.09 b 
L. innocua 0.56 ± 0.25 a 0.03 ± 0.18 b 0.06 ± 0.13 b 0.14 ± 0.15 a,b -0.02 ± 0.11 b 0.05 ± 0.07 b 0.07 ± 0.14 b 0.06 ± 0.13 b 
Salmonella spp. 0.49 ± 0.51 a 0.11 ± 0.16 a 0.04 ± 0.19 a 0.04 ± 0.19 a 0.07 ± 0.13 a -0.01 ± 0.10 a 0.10 ± 0.16 a -0.01 ± 0.12 a 
Sanidate 12.0         
Control 0.03 ± 0.04 0.00 ± 0.03 a 0.00 ± 0.03 a 0.00 ± 0.03 a 0.00 ± 0.03 a 0.00 ± 0.03 a 0.00 ± 0.03 a 0.00 ± 0.03 a 
E. coli O157:H7 0.39 ± 0.38 a 0.09 ± 0.03 a 0.08 ± 0.05 a 0.07 ± 0.04 a 0.09 ± 0.06 a 0.09 ± 0.06 a 0.08 ± 0.04 a 0.08 ± 0.03 a 
STEC 0.29 ± 0.21 a 0.05 ± 0.03 a 0.07 ± 0.09 a 0.07 ± 0.05 a 0.09 ± 0.04 a 0.08 ± 0.02 a 0.07 ± 0.05 a 0.06 ± 0.02 a 
L. innocua 0.63 ± 0.61 a 0.17 ± 0.09 a 0.15 ± 0.13 a 0.13 ± 0.09 a 0.13 ± 0.14 a 0.21 ± 0.06 a 0.14 ± 0.11 a 0.11 ± 0.09 a 
Salmonella spp. 0.51 ± 0.60 a 0.12 ± 0.08 a 0.13 ± 0.09 a 0.12 ± 0.08 a 0.11 ± 0.10 a 0.11 ± 0.09 a 0.10 ± 0.08 a 0.18 ± 0.23 a 
StorOx 2.0         
Control 0.03 ± 0.04  0.03 ± 0.06 a 0.03 ± 0.06 a 0.03 ± 0.06 a 0.03 ± 0.06 a 0.03 ± 0.06 a 0.03 ± 0.06 a 0.03 ± 0.06 a 
E. coli O157:H7 0.47 ±0.39 a 0.06 ± 0.03 a,b 0.08 ± 0.10 a,b 0.07 ± 0.05 a,b 0.05 ± 0.02 b 0.06 ± 0.04 a,b 0.07 ± 0.08 a,b 0.05 ± 0.05 b 
STEC 0.21 ± 0.21 a 0.06 ± 0.02 a 0.06 ± 0.06 a 0.05 ± 0.03 a 0.10 ± 0.09 a 0.06 ± 0.05 a 0.07 ± 0.09 a 0.10 ± 0.10 a 
L. innocua 0.50 ± 0.44 a 0.05 ± 0.03 a 0.05 ± 0.05 a 0.05 ± 0.02 a 0.05 ± 0.04 a 0.07 ± 0.03 a 0.05 ± 0.05 a 0.14 ± 0.19 a 
Salmonella spp. 0.49 ± 0.56 a 0.13 ± 0.10 a 0.13 ± 0.07 a 0.12 ± 0.06 a 0.12 ± 0.07 a 0.11 ± 0.05 a 0.12 ± 0.06 a 0.16 ± 0.08 a 
x Denotes bacterial control; saline suspension only or bacterial cells suspended in saline 
y Denotes treatment control; sanitizer suspended in saline 
* STEC; Non-O157 Shiga toxin producing Escherichia coli  
a,b Means with a different letter within a row differ significantly (P < 0.05) 
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Table 3, continued.  
 260 nm Absorbing Material 
Treatment Controlx 0 min 0.5 min 1 min 2 min 3 min 5 min 8 min 
Prosan         
Controly -0.01 ± 0.00 1.73 ± 0.00 a 1.73 ± 0.00 a 1.73 ± 0.00 a 1.73 ± 0.00 a 1.73 ± 0.00 a 1.73 ± 0.00 a 1.73 ± 0.00 a 
E. coli O157:H7 0.31 ± 0.15 a 0.52 ± 0.50 a 0.40 ± 0.37 a 0.36 ± 0.41 a 0.28 ± 0.48 a 0.37 ± 0.40 a 0.42 ± 0.45 a 0.50 ± 0.40 a 
STEC* 0.62 ± 0.35 a 0.75 ± 0.19 a 0.63 ± 0.07 a 0.59 ± 0.04 a 0.53 ± 0.02 a 0.60 ± 0.08 a 0.51 ± 0.04 a 0.52 ± 0.05 a 
L. innocua 0.82 ± 0.89 a -0.02 ± 1.04 a -0.18 ± 0.76 a -0.32 ± 0.81 a -0.32 ± 0.84 a -0.27 ± 0.79 a -0.43 ± 0.87 a -0.44 ± 0.89 a 
Salmonella spp. 0.41 ± 0.64 a -0.03 ± 0.76 a -0.03 ± 0.70 a -0.07 ± 0.74 a -0.11 ± 0.76 a -0.09 ± 0.83 a -0.08 ± 0.76 a -0.15 ± 0.81 a 
FS Amine Z         
Control 0.01 ± 0.00 0.13 ± 0.01 a 0.13 ± 0.01 a 0.13 ± 0.01 a 0.13 ± 0.01 a 0.13 ± 0.01 a 0.13 ± 0.01 a 0.13 ± 0.01 a 
E. coli O157:H7 0.42 ± 0.40 b 1.60 ± 0.39 a,b 1.62 ± 0.36 a 1.65 ± 0.34 a 1.61 ± 0.35 a 1.66  ± 0.35 a 1.63 ± 0.35 a 1.49 ± 0.70 a,b 
STEC 0.28 ± 0.12 b 2.11 ± 0.13 a 2.16 ± 0.06 a 2.15 ± 0.11 a 2.17 ± 0.07 a 2.17 ± 0.09 a 2.09 ± 0.13 a 2.14 ± 0.08 a 
L. innocua 0.93 ± 0.68 a 0.67 ± 0.33 a 0.57 ± 0.30 a 0.69 ± 0.36 a 0.58 ± 0.27 a 0.55 ± 0.30 a 0.60 ± 0.40 a 0.55 ± 0.28 a 
Salmonella spp. 0.09 ± 0.02 b 2.09 ± 0.28 a 2.09 ± 0.22 a 2.12 ± 0.29 a 2.01 ± 0.27 a 2.00 ± 0.17 a 2.07 ± 0.24 a 2.08 ± 0.25 a 
Birkoside MP-2         
Control 0.01 ± 0.00 0.01 ± 0.02 a 0.01 ± 0.02 a 0.01 ± 0.02 a 0.01 ± 0.02 a 0.01 ± 0.02 a 0.01 ± 0.02 a 0.01 ± 0.02 a 
E. coli O157:H7 0.51 ± 0.21 a 0.09 ± 0.06 b 0.08 ± 0.04 b 0.09 ± 0.04 b 0.10 ± 0.08 b 0.10 ± 0.07 b 0.07 ± 0.04 b 0.07 ± 0.03 b 
STEC 0.42 ± 0.22 a 0.05 ± 0.02 b 0.05 ± 0.05 b 0.09 ± 0.06 b 0.08 ± 0.05 b 0.05 ± 0.02 b 0.05 ± 0.03 b 0.06 ± 0.02 b 
L. innocua 0.85 ± 0.29 a 0.17 ± 0.01 b 0.15 ± 0.09 b 0.16 ± 0.05 b 0.16 ± 0.04 b 0.16 ± 0.06 b 0.16 ± 0.10 b 0.13 ± 0.06 b 
Salmonella spp. 0.10 ± 0.05 a 0.03 ± 0.03 a 0.03 ± 0.03 a 0.03 ± 0.03 a 0.03 ± 0.01 a 0.04 ± 0.03 a 0.03 ± 0.03 a 0.05 ± 0.03 a 
x Denotes bacterial control; saline suspension only or bacterial cells suspended in saline 
y Denotes treatment control; sanitizer suspended in saline 
* STEC; Non-O157 Shiga toxin producing Escherichia coli  
a,b Means with a different letter within a row differ significantly (P < 0.05 
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Table 4. Effect of sanitizer treatments on survival of E. coli O157:H7, Non-O157 STEC, Listeria innocua, and Salmonella spp. in 0.6% 
saline measured at 0, 0.5, 1, 2, 3, 5, and 8 minutes.  
 Bacterial Count log CFU/ml 
Treatment Controlx 0 min 0.5 min 1 min 2 min 3 min 5 min 8 min 
Chlorine         
E. coli O157:H7 8.4 ± 1.1 a 0.5 ± 0.8 b 0.5 ± 0.8 b 2.2 ± 1.9 b 2.8 ± 2.4 b 2.7 ± 2.1 b 2.7 ± 2.4 b 2.7 ± 1.8 b 
STEC 9.1 ± 0.2 a 0.9 ± 0.6 c 2.2 ± 2.2 b,c 3.0 ± 1.2 b,c 4.3 ± 0.4 b 4.7 ± 0.6 b 4.4 ± 1.0 b 4.5 ± 0.6 b 
L. innocua 9.1 ± 0.4 a 2.2 ± 1.9 b 0y ± 0.0 b 0.2 ± 0.4 b 1.8 ± 2.1 b 2.3 ± 2.0 b 3.5 ± 0.8 b 2.7 ± 2.4 b 
Salmonella spp. 8.6 ± 0.4 a 1.4 ± 1.9 b 1.8 ± 1.3 b 2.7 ± 0.8 b 2.5 ± 1.5 b 2.5 ± 2.3 b 2.7 ± 2.4 b 3.0 ± 2.6 b 
Hydrogen Peroxide 
E. coli O157:H7 8.7 ± 0.8 a 6.7 ± 1.5 a,b 6.3 ± 0.3 a,b 4.9 ± 0.9 a,b,c 2.9 ± 2.9 b,c,d 1.6 ± 1.4 c,d 0.6 ± 1.0 d 0.4 ± 0.7 d 
STEC 9.0 ± 0.2 a 8.4 ± 0.3 a 7.3 ± 0.7 a,b 3.7 ± 1.0 b,c 1.8 ± 3.1 c 0.9 ± 1.5 c 0.5 ± 0.9 c 0 ± 0.0 c 
L. innocua 9.3 ± 0.3 a 8.6 ± 0.5 a,b 8.6 ± 0.4 a,b 5.8 ± 1.3 b,c 6.0 ± 2.5 a,b,c 3.8 ± 1.3 c,d 1.1 ± 1.9 d,e 0 ± 0.0 e 
Salmonella spp. 8.5 ± 1.2 a 7.5 ± 2.2 a,b 7.0 ± 2.0 a,b 4.7 ± 2.5 a,b,c 3.0 ± 3.5 a,b,c 2.3 ± 2.1 b,c 0 ± 0.0 c 0 ± 0.0 c 
Sanidate 12.0         
E. coli O157:H7 9.1 ± 0.2 a 8.8 ± 0.4 a 8.7 ± 0.3 a 8.8 ± 0.1 a 8.0 ± 1.0 a,b 7.2 ± 1.9 a,b 3.7 ± 3.4 b,c 2.4 ± 3.3 c 
STEC 9.0 ± 0.2 a 8.8 ± 0.2 a 5.8 ± 5.0 a 8.7 ± 0.1 a 8.5 ± 0.3 a 7.7 ± 1.1 a 4.6 ± 0.9 b 2.2 ± 0.5 c 
L. innocua 9.2 ± 0.1 a 8.9 ± 0.2 a,b 8.8 ± 0.1 a,b 5.8 ± 0.3 a,b 8.3 ± 0.4 a,b 7.7 ± 0.8 b 6.0 ± 0.4 c 3.2 ± 0.1 d 
Salmonella spp. 8.8 ± 0.3 a 8.5 ± 0.4 a 8.3 ± 0.6 a 8.5 ± 0.4 a 8.2 ± 0.5 a 7.5 ± 0.8 a,b 6.1 ± 1.5 b 2.2 ± 0.6  c 
StorOx 2.0         
E. coli O157:H7 8.9 ± 0.3 a 8.9 ± 0.2 a 8.9 ± 0.1 a 8.5 ± 0.3 a 7.5 ± 1.5 a,b 5.3 ± 0.9 b,c 3.0 ± 1.4 c,d 2.5 ± 1.6 d 
STEC 9.0 ± 0.1 a 8.9 ± 0.2 a 8.8 ± 0.2 a 8.7 ± 0.1 a 8.3 ± 0.2 a,b 7.4 ± 0.7 b 4.8 ± 0.4 c 3.3 ± 0.2 d 
L. innocua 9.3 ± 0.5 a 8.8 ± 0.1 a 8.8 ± 0.2 a 8.7 ± 0.1 a 5.2 ± 3.0 a,b 5.1 ± 2.6 a,b 3.7 ± 1.1 b 2.4 ± 1.4 b 
Salmonella spp. 8.7 ± 0.2 a 8.5 ± 0.4 a 7.8 ± 1.8 a 8.5 ± 0.2 a  8.0 ± 0.2 a 7.1 ± 0.9 a 3.0 ± 1.9 b 0.9 ± 1.2 b 
x Control indicates bacterial cells suspended in saline solution, no treatment applied 
y 0 indicates less than 3 CFU, the detection limit of this study  
* STEC; Non-O157 Shiga toxin producing Escherichia coli  
a,b Means with a different letter within a row differ significantly (P < 0.05) 
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Table 4, continued.  
 Bacterial Count log CFU/ml 
Treatment Controlx 0 min 0.5 min 1 min 2 min 3 min 5 min 8 min 
Prosan         
E. coli O157:H7 8.4 ± 1.0 a 5.5 ± 0.0 a,b 5.3 ± 1.5 a,b 5.1 ± 1.3 a,b 3.0 ± 2.3 a,b 2.2 ± 2.7 b 1.8 ± 0.4 b 1.1 ± 0.8 b 
STEC* 8.9 ± 0.2 a 5.4 ± 0.9 a,b 4.6 ± 1.3 b,c 4.3 ± 1.5 b,c 2.9 ± 1.7 b,c,d 2.9 ± 1.1 b,c,d 1.5 ± 2.0 c,d 0.4 ± 0.7 d 
L. innocua 9.0 ± 0.1 a 5.7 ± 0.3 b 5.3 ± 0.3 b 4.9 ± 0.9 b,c 4.2 ± 0.9 b,c 3.2 ± 0.7 c,d 2.0 ± 0.2 d,e 0.9 ± 1.2 e 
Salmonella spp. 8.6 ± 0.1 a 5.3 ± 2.2 b 3.0 ± 0.0 b,c 2.4 ± 0.3 b,c 0.7 ± 1.0 c 0.6 ± 0.6 c 0.6 ± 0.8 c 0.2 ± 0.4 c 
FS Amine Z         
E. coli O157:H7 8.6 ± 0.9 a 0 ± 0.0 b 2.4 ± 0.7 b 1.3 ± 0.0 b 0.8 ± 0.3 b 0 ± 0.0 b 0 ± 0.0 b 0 ± 0.0 b 
STEC 9.2 ± 0.1 a 5.5 ± 0.0 a,b 2.3 ± 1.0 b,c 2.4 ± 1.2 b,c 1.5 ± 1.3 c 1.1 ± 1.3 c 1.0 ± 1.4 c 0.6 ± 0.8 c 
L. innocua 9.3 ± 0.4 a 4.8 ± 0.0 b 3.7 ± 1.6 b,c 1.9 ± 2.3 b,c 0.7 ± 1.4 c 0.7 ± 1.2 c -0.1 ± 0.2 c 0 ± 0.0 c 
Salmonella spp. 8.9 ± 0.3 a 4.0 ± 0.0 b 1.5 ± 1.1 b,c 1.8 ± 1.6 b,c 0 ± 0.0 c 0 ± 0.0 c 0 ± 0.0 c 0 ± 0.0 c 
Birkoside MP-2 
E. coli O157:H7 9.1 ± 0.1 a 8.7 ± 0.1 a 8.6 ± 5.0 a 7.6 ± 4.4 a,b 4.8 ± 0.5 b,c 2.3 ± 2.3 c,d 0 ± 0.0 d 0.1 ± 0.1 d 
STEC 9.3 ± 0.2 a 8.8 ± 0.1 a 8.9 ± 0.1 a 8.3 ± 0.3 a 4.7 ± 1.0 b 1.3 ± 1.0 c 0.2 ± 0.3 c 0 ± 0.0 c 
L. innocua 9.3 ± 0.4 a 9.0 ± .01 a 8.9 ± 0.2 a  8.6 ± 0.6 a 5.5 ± 1.9 a,b 2.5 ± 2.9 b 3.1 ± 2.7 b 2.6 ± 2.2 b 
Salmonella spp. 8.9 ± 0.1 a 8.7 ± 0.0 a 8.6 ± 0.1 a 8.0 ± 0.2 a 5.9 ± 1.3 a,b 2.7 ± 2.3 b,c 1.3 ± 2.2 c 1.3 ± 2.3 c 
x Control indicates bacterial cells suspended in saline solution, no treatment applied 
y 0 indicates less than 3 CFU, the detection limit of this study  
* STEC; Non-O157 Shiga toxin producing Escherichia coli  
a,b Means with a different letter within a row differ significantly (P < 0.05) 
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CHAPTER 6: SUMMARY AND CONCLUSIONS 
 
Concern over foodborne illness outbreaks attributed to melon products has led 
to mandatory requirements for melon producers in relation to standards of sanitation 
during producing and harvesting their product. One option for processors to improve 
the biological safety of melons is through the application of an intervention such as an 
antimicrobial applied through wash water to reduce the presence of foodborne 
pathogens.  
The first objective of this research consisted of two main sub-objectives: 1) 
evaluate the effectiveness of a broad spectrum of commercially available chemical 
produce sanitizers against foodborne pathogens; E. coli O157:H7, non-O157 STEC, 
Listeria monocytogenes, and Salmonella spp. at various concentrations and determine 
the optimal concentrations for use against bacterial cells in an aqueous model system; 
and 2) evaluate the effectiveness of the produce sanitizers against the same bacterial 
strains on the surface of rough (cantaloupe) and smooth (watermelon) surface melons.  
In the aqueous model system, significant differences in bacterial reductions were 
observed between the produce sanitizer treatments (P < 0.05). The most effective 
categories of sanitizers were liquid chlorine dioxide and peroxyacetic acid/hydrogen 
peroxide with 8-9 log CFU/ml reductions for E. coli O157:H7, Listeria monocytogenes, 
Salmonella spp., and non-O157 STEC. Hydrogen peroxide treatment also resulted in 
large (7-8 log CFU/ml) reductions, with the exception of Listeria monocytogenes, which 
exhibited a much lower (2.5 log) reduction following 5% hydrogen peroxide treatment. 
199 
 
 
 
Quaternary ammonium resulted in variable reductions of 4-7 log CFU/ml with the 
greatest bacterial reduction of Listeria monocytogenes. The organic acid combination 
product was least effective tested sanitizer, with reductions of 3 log CFU/ml or less 
depending on the foodborne pathogen. The results of this study indicate that the tested 
sanitizers hold the potential to reduce the presence of foodborne pathogens of concern 
in the melon industry, with the exception of the organic acid combination. Following this 
analysis, sanitizers at optimal concentrations were selected to move forward to analyze 
effectiveness against foodborne pathogens on the surface of whole melon fruit.  
The application of produce sanitizers on the surface of melons resulted in viable 
bacterial counts varied from 0-2.8 CFU/g depending on sanitizer and bacteria, and were 
not consistent among the pathogens tested. However, significant (P < 0.05) differences 
occurred between sanitizers and the non-treated control, as well as between the 
sanitizers and water and chlorine treatments. Additionally, no melon interactions 
(cantaloupe vs. watermelon) were observed in statistical analysis. Quaternary 
ammonium resulted in 2 log or greater reductions of E. coli and Salmonella, but less 
than 1 log reduction of Listeria. Hydrogen peroxide resulted in 1.5-2.5 log reductions of 
all bacteria. Three combinations of hydrogen peroxide and acids were tested, and 
resulted in 2 or greater log reductions of E. coli O157:H7 and Salmonella, and slightly 
lower to less than 1 log reductions of Listeria and Non-O157 STEC. Liquid chlorine 
dioxide resulted in 1.5-2 log reductions for E. coli and Salmonella, but less than 1 log 
reduction was achieved for Listeria. Sodium hypochlorite resulted in less than 1 log 
reduction for E. coli, and less than 2 log reductions of Listeria and Salmonella. Based on 
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these results, I would recommend a combination of sanitizers (hydrogen peroxide and 
acids) for use in melon wash water to improve microbial safety. Quaternary ammonium 
sanitizers also hold potential for microbial reductions on melon surfaces, but currently 
are not approved for use directly on food products. High variability in sanitizer efficacy, 
and consideration for producer size and input costs may limit the potential for use of 
these sanitizers currently. Future work should be conducted to determine optimal use of 
these sanitizers to improve efficacy, and the possibility of combined treatments to 
utilize hurdle technologies for greater microbial reductions.  
The second objective was to evaluate the ability of commercially available 
produce sanitizers to improve cantaloupe and watermelon shelf life through yeast and 
mold reductions without negatively affecting the sensory quality of whole melons.  
The results of objective two indicated no significant changes in melon rind or 
flesh firmness and no changes in Hunter color scores resulting from produce sanitizer 
treatments (quaternary ammonium, hydrogen peroxide/acid combinations). No 
significant differences in yeast and mold populations were observed over the duration 
of the shelf life study between the sanitizer treated and control melons, indicating no 
improvement in shelf life as a result of sanitizer treatments. Though a reduction in 
fungal presence and increase in shelf life was not observed, quality of melons remained 
acceptable throughout the perceived shelf life of the testing period. Based on these 
results, it can be concluded that the use of produce sanitizers to improve melon food 
safety will not negatively affect the product quality, but also may not improve melon 
shelf life. 
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The third objective consisted of two sub-objectives: 1) identify the minimum 
bactericidal concentrations (MBC) of commercially available produce sanitizers for 
foodborne pathogens; E. coli O157:H7 and Listeria innocua; and 2) determine if 
cytoplasmic membrane damage resulting in cellular leakage was linked to the 
bactericidal effect of the commercial sanitizers against the foodborne pathogens; E. coli 
O157:H7, non-O157 STEC, Listeria innocua, and Salmonella spp.  
Results of the MBC analysis demonstrated decreased viability of E. coli O157:H7 
and L. innocua cells as time of exposure to sanitizers increased. Decrease in viable 
counts were similar for E. coli and L. innocua when treated with chlorine (MBC 35 ppm), 
Hydrogen Peroxide (MBC 7.5%) Sanidate 12.0 (MBC 5 ppm), and StorOx 2.0 (MBC 5 
ppm). E. coli demonstrated greater resistance to Prosan and AmineZ products, requiring 
a higher concentration of treatment (MBC 0.5% and 200 ppm, respectively) to result in 
similar viability as L. innocua (MBC 0.25% and 150 ppm, respectively). Chlorine 
demonstrated a different effect on both cell types than other sanitizer treatments, 
resulting in rapid loss of cell viability immediately after application (times 0 and 30 
seconds), but cell recovery occurred following 1 minute with viable counts stabilizing by 
the end of the experiment. 
Results of the cytoplasmic membrane damage analysis indicated an increase of 
A260 material released from cells treated with Amine Z sanitizer (quaternary 
ammonium), but no increase in A260 material was observed for any other sanitizer 
treatment. The amount of A260 also did not significantly increase or decrease with 
treatment time of any sanitizer application. Based on the results of this study, we 
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conclude that cytoplasmic damage resulting in release of cellular material in the 
absorption spectra of 260 nm is not the responsible mechanism of action of the tested 
commercial sanitizers; chlorine, hydrogen peroxide, Birkoside MP-2, Sanidate 12.0, 
StorOx 2.0, or Prosan. However, the Amine Z sanitizer is associated with cytoplasmic 
membrane damage resulting in A260 material leakage. Further studies investigating 
additional mechanisms of action and utilizing additional test methods such as 
microscopy analysis may shed further light onto the mechanism that these sanitizers 
utilize for cellular destruction. In addition, future work analyzing interactions these 
sanitizers may have with plant cells upon application to produce may increase our 
knowledge of mechanisms of action, and lead to the development of antimicrobial 
treatments for more sensitive produce. 
Overall, results of this work provide science-based evidence for the effectiveness 
of commercial produce sanitizers to improve food safety and shelf life of whole melon 
products. This information will be utilized by food safety and production specialists to 
provide melon producers recommendations on how to best apply intervention 
treatments to melons for improvement of microbial safety while maintaining the quality 
of their product. 
 
 
